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STATEMENT
The work re p o rte d  in  th is  th e s is  w as c a rr ie d  ou t in  th e  
D epartm en t of M icro b io lo g y  of the  A u stra lian  N a tio n a l U n iv e rs ity  
during  th e  y e a rs  1959-1961 in c lu s iv e .
Paper I ,  M H ea t In a c tiv a tio n  of V acc in ia  Virus " , is  
e n tire ly  my own w o rk .
I c a r r ie d  out an  a p p re c ia b le  am ount of th e  ex p erim en ta l 
work in v o lv ed  in  th e  th re e  p a p e rs  (II, II I , IV of th e  th e s is )  on th e  
re a c tiv a tio n  of p o x v iru s e s . In p a r t ic u la r ,  I w as re s p o n s ib le  for the  
d evelopm en t of th e  d ire c t m ethod of d em o n stra tin g  re a c tiv a tio n  on 
th e  c h o r io a lla n to ic  m em brane, w hich  w as of b a s ic  im p o rtan ce  in  
P aper IV, and in  work on re a c tiv a tio n  p u b lish e d  by o th er au th o rs  
( e .g .  Jo k lik , Abel and  H olm es 1960, N atu re  1 8 6 , 9 9 2 ).
M o st of th e  ex p e rim en ta l work in  P apers V, " H ybrid­
iz a t io n  B etw een S ev e ra l D iffe ren t P o x v iru ses  " , and VI, 11 S e ro lo g ica l 
R e la tio n sh ip s  W ith in  th e  Poxvirus Group 11 is  my own w ork .
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INTRODUCTION
Although the  f i r s t  o b se rv a tio n  of th e  re a c tiv a tio n  o f 
p o x v iru se s  w as m ade by Berry and D edrick  in  1936, w hen th ey  
re c o v e re d  a c tiv e  myxoma v iru s  from ra b b its  in je c te d  w ith  m ix tu res  
of h e a t- in a c t iv a te d  myxoma and a c t iv e  fib ro m a, tw e n ty -f iv e  y e a rs  
e la p s e d  befo re  th e  p re se n t s tu d ie s  e s ta b l is h e d  th a t the  b a s ic  m ech ­
an ism  of the  p ro c e ss  w as re a c t iv a t io n  of the h e a te d -c o m p o n e n t, 
ra th e r  th an  " tran sfo rm a tio n "  , w hich  had  b een  evoked  to  e x p la in  the  
p h enom enon .
E lu c id a tio n  of th e  m echan ism  w as not p o s s ib le  u s in g  the  
fibrom a-m yxom a sy s te m , owing to  te c h n ic a l d e f ic ie n c ie s ,  bu t em erged  
from s tu d ie s  w ith  v a c c in ia  v iru s .  The la t te r  h as  m any a d v a n ta g e s  — 
p u rif ied  h ig h - t i tre  s to c k s  of v iru s a re  re a d ily  o b ta in a b le , m any of th e  
s tra in s  ex h ib it w e ll-d e f in e d  g e n e tic  m a rk e rs , and re a c tiv a tio n  o ccu rs  
in  a num ber of d iffe ren t h o s t - c e l l  sy s te m s  in c lu d in g  m ouse b ra in , th e  
c h o rio a lla n to ic  m em brane and  in  t i s s u e  c u l tu re ,  e a c h  of w hich  c an  be 
u se d  to  e lu c id a te  s p e c ia l  p ro b lem s. In d iv id u a l c lo n e s  of v iru s  are  
re a d ily  is o la te d  by p la tin g  on th e  c h o r io a lla n to ic  m em brane, and  th is  
g re a tly  fa c i l i ta te d  th e  su b se q u e n t re c o g n itio n  of p a re n ta l and reco m ­
b in an t ty p e s  in  th e  p rogeny .
The th e s is  is  d iv id ed  in to  tw o p a r ts .  The f i r s t ,  in  th e
2 .
form of p u b lish e d  p ap ers  (I -  V) or p ap ers  su b m itted  for p u b lic a tio n  
(VI) , p re s e n ts  th e  ex p e rim en ta l work on re a c tiv a tio n  and  reco m b in a tio n  
of p o x v iru s e s , to g e th e r  w ith  n e w ly -d e v e lo p e d  id e a s  on the  s e ro lo g ic a l 
re la tio n s h ip  b e tw ee n  d iffe ren t m em bers of th e  poxv irus g ro u p . The 
re la tio n  of th e  s ix  p ap ers  to  e a c h  o th e r , and to  th e  w ider c o n te x t of 
th e  s u b je c t of re a c tiv a tio n  and  reco m b in a tio n  in  an im al v i r u s e s ,  is
d is c u s s e d  in  th e  seco n d  p a rt of th e  th e s i s .
ORIGINAL WORK PRESENTED AS PAPERS EITHER PUBLISHED
OR ACCEPTED FOR PUBLICATION
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The Heat Inactivation of Vaccinia Virus
Kaplan (1) observed that thermal inactivation of vaccinia virus at tempera­
tures between 55° and 60° was not a simple first-order process, and he inter­
preted this as indicating that suspensions of vaccinia virus were heterogeneous 
in their heat sensitivity. There was an initial temperature-dependent inactiva 
tion of the heat-sensitive virus, followed by inactivation at a constant slow rate, 
unrelated to temperature, of the heat-resistant survivors.
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just before heating, on the other hand, showed characteristic flattening (Fig. 2). 
The concentrated freshly prepared suspension was completely inactivated only 
after 15 hours’ heating at 50°, whereas after storage large amounts of active 
virus remained even after 30 hours at 50°. Hundredfold dilution of this material 
rendered it much more susceptible to heat inactivation (Fig. 2), showing that a 
considerable degree of protection was afforded by impurities in the original sus­
pension.
Pohjanpelto (6) found that L-cystine greatly increased the heat stability of 
poliovirus heated at temperatures of 50° and less. L-Cystine (50 jug per milliliter) 
had no effect on the heat stability of vaccinia virus when concentrated semi- 
purified suspensions (10s PFU per milliliter) were incubated at 37° for 12 hours 
and then heated at 55°. Similar pretreatment of dilute suspensions (105 and 10* 
PFU per milliliter) led to a slight increase in their heat stability at 50°. Cystine 
does not appear to be the responsible agent for the heat stabilization of stored 
vaccinia virus suspensions described in this letter.
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Reactivation of H eat-inactivated  
Poxviruses : a G eneral Phenom enon 
which includes th e  F ibrom a—M yxom a Virus 
T ransfo rm ation  of B erry and Dedrick
I n  1936, Berry and Dedrick1 reported th a t  active 
myxom a virus could be recovered from  rabbits 
injected w ith  m ixtures o f heat-inactivated  m yxom a 
and active fibrom a virus. Because the ir experim ents 
were suggested by  Griffith’s* studies on the tran s­
form ation of pneumococcal types, B erry an d  la ter 
investigators called heated  m yxom a virus th e  “tran s­
forming agen t” and  the  phenom enon “fibroma- 
myxom a virus transform ation” . However, Berry 
recognized th a t reactivation  of the  heat-inactivated  
m yxom a ra th e r th a n  transform ation of the  active 
fibroma virus was a  possible alternative mechanism.
The te rm  ‘transform ation’, as used in  bacterial 
genetics, has been defined as th e  heritable modifica­
tion  o f the  properties o f one bacterial s train  by an  
ex trac t derived from cells o f another strain . The 
active m aterial responsible for transform ation is 
deoxyribonucleic acid. There is no evidence th a t  the 
phenom enon described by B erry and  Dedrick is an 
example of transform ation, in  th is sense. The process 
is better in terpreted  as reactivation  of th e  inactivated  
virus, and  we shall use th a t  te rm  henceforth.
B erry’s results have been repeatedly  confirmed, 
b u t fu rther analysis o f the  mechanism was precluded 
by th e  irregular results obtained in  in tac t animals. 
Recently, K ilham 1 showed th a t  the  B erry-D edrick 
phenom enon could be dem onstrated w ith  regularity  
w ith heat-inactivated  m yxom a virus an d  active 
fibroma virus, in  cultures o f rabb it, m onkey and 
squirrel kidney cells. W ith  collaborators6 he has 
described the  effects on the  heated  m yxom a virus 
com ponent o f some physical and  enzymic treatm ents.
The definition o f several independent genetic 
m arkers of vaccinia virus suggested th a t  it m ight be 
a  more suitable agent for th e  s tudy  of the  mechanism 
of the  B erry-D edrick phenom enon th a n  m yxom a and 
fibroma viruses. The strains o f vaccinia virus used 
for m ost experim ents discussed here were those 
employed previously for recom bination experim ents6. 
Their biological characters are set ou t in  Table 1.
The viru lent strain , R P , was used as th e  in ­
activated  agent. A fter heating  for 2|- hr. a t  55° C. 
in 0 1 M  sodium chloride, 0-01 M  citrate, a t  p H  7,
b in a tio n  as a  possible secondary  even t, can n o t y e t 
be decided.
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W hen heat-inactiva ted  rabbitpox vim s is present in cells in which another 
poxvirus is m ultiplying, it is reac tiva ted , th a t is, i t  is represented among the 
yield. Techniques are described for the dem onstration  of th is phenomenon 
in  the  chorioallantoic mem brane of the developing chick embryo, rabb it skin, 
mouse brain , and HeLa cells. Inac tiv a ted  virus can be introduced in to  cells 
of th e  mouse brain  or into H eLa cells as long as 3 days before the reactivating  
virus and still appear in the yield.
The preparations of reactivable virus used contained less th an  10 9 infec 
tive  units, and  i t  has been shown th a t  by inoculation on the chorioallantoic 
m em brane and subsequent passage one infective partic le  can be detec ted  in 
th e  presence of 109 heat-inactivated  particles. Likewise i t  has been shown th a t 
heat-inactiva ted  virus does no t undergo m ultip lic ity  reactivation . The reac- 
tiv ab ility  of heat-inactiva ted  virus suspensions m ay be assayed either in the 
mouse b rain  or on the chorioallantoic m em brane; tite rs  of reactivable par 
t id e s  are generally one-hundredth of infective virus tite rs  before heating.
IN TR O D U C TIO N
Berry and Dedrick (1936) showed that active myxoma virus could 
be recovered from rabbits inoculated with a mixture of heat-inactivated 
myxoma virus and active fibroma virus. We recently suggested (Fenner 
et al., 1959) that this was a special case of what appeared to be a general 
phenomenon among the poxviruses; for any active poxvirus has the 
capacity to reactivate any other member of the poxvirus group which 
has been inactivated by heating. This series of papers amplifies various 
aspects of our preliminary communication. The first paper describes 
the criteria for inactivation, and methods of demonstrating and assaying 
reactivation. The second paper illustrates the generality of the process 
among poxviruses; and the third describes the production of reactivable 
particles by urea treatment as well as by heating, and compares the
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resistance of infectivity and reactivability to various chemical treat­
ments.
Studies of reactivation by procedures that utilize high concentrations 
of the inactivated virus depend upon the certainty with which inactiva­
tion can be carried out, and a satisfactory method of demonstrating the 
noninfectious nature of the inactive component is described in this 
paper. Different methods of achieving reactivation are useful for dif­
ferent purposes. We have used the mouse brain, the chorioallantoic 
membrane (CAM), the rabbit skin, and cultured cells to provide the 
host cells within which reactivation occurs, and the production of pocks 
on the CAM, or lesions in susceptible animals, as methods for its demon­
stration. Investigations can be put on a quantitative basis by assay of 
the reactivability of the inactivated component and two assay methods, 
involving the use of the mouse brain and the CAM, or the CAM alone, 
are described.
TERMINOLOGY
In order to facilitate discussion it is necessary to define some of the 
terms to be used in these papers.
1. “Active virus” is fully infectious virus.
2. “Reactivating agent” is material the addition of which to cells 
containing appropriately inactivated virus causes its reactivation. This 
may be active virus, virus inactivated by certain chemical or physical 
agents, or possibly a defined fraction of the virus.
3. “Reactivable virus” is virus which by itself is noninfectious, even 
under conditions of multiple infection of cells, but which can be reac­
tivated by the addition under the proper conditions of the reactivating 
agent.
4. The “reactivability” of an inactivated virus preparation is its 
capacity to be reactivated by a chosen reactivating agent in a chosen 
host cell system.
ABBREVIATIONS
The following abbreviations are used. CAM = chorioallantoic mem­
brane; PFU = pock-forming unit; SP = single pock; heat-inactivated 
virus is designated by the prefix H-, thus H-RP and H-7N.
MATERIALS AND METHODS
Virus strains. The origins and biological characters of rabbitpox 
virus (RP) and vaccinia-Lederle-7N (7N) have been described previously 
(Fenner, 1958, 1959). The hemorrhagic ulcerated pocks produced by
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RP on the CAM are referred to as phenotypically U+, the white pocks of 
7N being designated U.
The “Dohi A” strain of ectromelia virus (Dohi, 1951) was kindly 
provided by Dr. S. Dohi.
Stocks of the Boerlage strain of fibroma virus (Fenner and Wood- 
roofe, 1954) and the MSD (Californian) strain of myxoma virus (Fenner 
and Marshall, 1957) were prepared in rabbits and assayed by the in­
tradermal inoculation of rabbits (for fibroma) or by pock counts on the 
CAM (for myxoma).
Virus titrations. One-tenth-milliliter amounts of suitable dilutions of 
virus in gelatin saline were titrated on the CAM of 11-day-old chick 
embryos by the method of Westwood et al. (1957). The pocks were 
counted after incubation for 2 days (for vaccinia) or 3 days (for 
ectromelia and myxoma).
The titers of virus stocks stored frozen were often found to be reduced 
when determined after thawing, but could be restored to the original 
value after 30 seconds’ exposure to high frequency vibrations produced 
by a Milliard Ultrasonic Drill Generator (50 watts, peak output at l(i 
kilocycles). This treatment was used routinely for the resuspension of 
centrifuged, stored, and heated virus preparations.
Mice. Intracerebral inoculations were carried out on 5-week-old 
mice under ether anesthesia. Unless otherwise indicated, mice were 
always used in groups of three, and the brains were pooled before the 
virus was extracted.
Fluorocarbon extraction, as described by Gessler et al. (1956), was 
used to separate virus from brains: 5 ml of Genetron (1-dichlorofluoro- 
2-difluorochloroethane) and 10 ml of Mcllvaine’s phosphate-citrate 
buffer (0.005 M  phosphate, pH 7.2) containing 0.15% gelatin were 
used per group of three mouse brains. After a single cycle of homo­
genization followed by low speed centrifugation, the virus in the aqueous 
layer was titrated.
Tissue culture systems. For tissue culture experiments a cloned line of 
HeLa cells was grown in Eagle’s medium with 20 % human serum.
Characterization of virus clones. Pocks were sampled by needling, 
purified by SP passage, and characterized as described by Fenner and 
Comben (1958) and Fenner (1959).
EXPERIMENTAL RESULTS 
1. Preparation of Suspensions of Heat-inactivated Virus
Stock suspensions of RP and 7N were obtained by extracting confluent 
CAM by means of the fluorocarbon procedure of Gessler et al. (1956).
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Twenty-four CAM were homogenized with 48 ml phosphate-citrate 
buffer containing 0.15% gelatin and 24 ml Genetron. The Genetron 
phase was then extracted with 1)4 volumes of buffer, and the pooled 
aqueous extracts spun at 12,000 g for 10 minutes to deposit the virus. 
The operation was repeated on the pellet resuspended in 15 ml buffer. 
The final volume was 24 ml and had a titer of about 109-4 PFU per 
milliliter.
The conversion to reactivable virus was always carried out within 
a few hours of the preparation of stock suspensions in order to prevent 
the tailing effect noted by Kaplan (1958) and elucidated by Woodroofe 
(1960). The virus was heated in totally submerged ampules for 12-15 
minutes at 60° and was then ready for use.
2. Demonstration of the Complete Inactivation of Heated Virus
For the rigorous demonstration of reactivation by procedures utilizing 
high concentrations of the inactivated agent it is essential to use heated 
preparations that contain no residual infective virus. Immediate heating, 
instead of heating after storage at 4°, eliminated one cause of residual 
infectivity (Woodroofe, 1960), but it was necessary to be sure that 
apparent complete inactivation was not due to the masking of a small 
residual amount of active virus by a great excess of inactive material. 
The sensitivity of different methods of detecting residual active virus 
was therefore determined with RP, which is highly infective for the 
CAM, the rabbit skin, and the mouse brain (Fenner, 1958).
Artificial mixtures were made of a preparation of H-RP containing 
1010 particles per milliliter (pock count before heat inactivation, 109 
PFU per milliliter) and twofold dilutions of active RP, such that the 
mixtures contained an estimated 1, 2, 4, 8,. . . . 512 PFU of active virus 
and 109 particles of H-RP per 0.1 ml. Control preparations contained gela­
tin saline in place of H-RP. Test and control preparations were inoculated 
in mice (0.05-ml volumes intracerebrally), in rabbits (0.1-ml volumes 
intradermally), and on the CAM (0.1-ml volumes). Eggs were examined 
for pocks on the second day, when two membranes were removed, 
ground in chilled mortars, suspended in gelatin saline, and subinoculated 
on another group of eggs. The brains were removed from two mice of 
each group of eight on the third day, and after extraction, these brains 
were subinoculated on the CAM. Lesions on the rabbits’ backs were 
examined on the third, the fifth, and the seventh days after inoculation, 
and suspensions of skin slices taken on the third day were assayed for 
infective virus on the CAM, as described by Day et al. (1956). The 
results are set out in Table 1.
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The rabbit skin was useless for the detection of residual infectivity, 
for at all inoculation sites, including the control sites containing only 
H-RP, small flat nodules developed which reached their maximum 
size on about the fifth day and had almost disappeared by the seventh. 
Skin slices taken from these on the third day yielded virus only with 
concentrations greater than 103 PFU of active RP, when these were 
mixed with 108'7 particles of H-RP. In contrast, control inoculation sites 
showed lesions of graded severity, positive to the level of 2 PFU of PI’. 
In the mouse brain, also, large amounts of heated virus interfered
TABLE 1
C o m pa rable  Se n s it iv it y  of D if f e r e n t  T e s t  System s fo r  th e  D etec tio n  of 
S mall A m ounts of Activ e  V ir u s  (R P ) in  th e  P r esen c e  of L arge 
A m ounts of H e a t -in a ctiv a ted  V ir u s“
Test system
Rabbit skinMouse brainCAM
Dose of 
active 
RP
(PFU)
+  Saline +  Saline +  Saline+  H-RP +  H-RP +  H-RP
Skind
lesionPock countPock count lesion
10, 12,4,
50, 32, 40,
“ Dose of H -R P =  109 particles (108 0 PFU  before heating) for egg and rabbit; 
half as much in  the mouse. Doses of active virus as shown.
b Pock count on passage expressed as logio P F U ; . . no t done; — =  no pocks 
seen. Passage of CAM on second day ; of mouse brain  and rabb it skin lesion on 
th ird  day.
c D eaths ou t of six mice inoculated.
d N  =  nodule; IP C  =  indura ted  swelling w ith purple center; — =  no lesion. 
Readings m ade 5 days a fte r inoculation.
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with the multiplication of the added active virus. Virus was recovered 
from the brains of the control mice oil the third day after the inoculation 
of doses of 4 PFU or more, the amount of virus increasing with dosage. 
The great majority of control mice inoculated with 8 PFU or more of 
HP died within 9 days. None of the mice inoculated with mixtures of 
active and inactive virus died, and virus was obtained from brains only 
with doses of 64 PFU of RP or more; and then only in concentrations 
about a thousandfold lower than in the corresponding control animals.
The CAM, on the other hand, proved to be a highly sensitive indi­
cator of the presence of active virus in the presence of high concen­
trations of inactive material. Direct observation of membranes on the 
second day revealed the expected numbers of pocks, and passage of such 
membranes yielded large amounts of active virus. The pocks seen on 
membranes inoculated with mixtures of active and inactive virus varied 
in appearance; sometimes they were the typical U+ pocks of RP, but 
usually they were small white pocks, which yielded much smaller 
amounts of virus than “non-interfered” pocks. Virus obtained from these 
by passage was always typical RP.
This experiment showed that inoculation on the CAM, with passage 
of the inoculated membranes on the second day, is a highly sensitive 
assay method for residual infectivity. Further, its value is the same for 
all viruses of the vaccinia-variola group, since the CAM is a sensitive 
host for all of these (Fenner, 1958; Overman and Sharp, 1959). In all 
subsequent experiments “complete inactivation” involves failure to 
demonstrate active virus by this method.
The negative results obtained with very concentrated suspensions of 
heated virus (containing 109 particles per 0.1 ml inoculum) also indicate 
that heat-inactivated virus does not undergo multiplicity reactivation.
■i. Demonstration of Reactivation of II-RP
I It will be shown in a subsequent paper that all poxviruses tested have 
leen found to possess the capacity to reactivate heat-inactivated RP 
or 7N (Fenner and Woodroofe, 1960). The choice of the active agent is 
therefore dictated by the ease with which reactivation can be demon­
strated and quantitated with different active viruses. Much of the 
preliminary work was carried out with H-RP and the vaccinia strain 
iX, using mouse brain, CAM, and cultured cells as the growth medium, 
and the CAM for the demonstration of the occurrence of reactivation, 
later, ectromelia virus was used for the routine assays of reactivability 
both in the mouse brain and on the CAM.
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DAYS —*
F i g . 1. The growth of 20 PFU RP in the mousebrain in the presence and ab­
sence of 104 2 PFU ectromelia. •  = ectromelia in presence of RP; O = ectro 
melia in absence of RP; ■  = RP in presence of ectromelia; □ = RP in absence 
of ectromelia.
Reactivation in the mouse brain. Although reactivation of H-RP by 
active 7N could he easily demonstrated by subinoculation of mouse 
brains inoculated with appropriate mixtures (Fenner et al., 1959), these 
viruses are not a suitable combination for assay purposes because 7N 
interferes with the growth of RP in the mouse brain. Following obser­
vations on the efficiency with which ectromelia virus produced reacti­
vation (Fenner and Woodroofe, 1960), we used as the reactivating virus 
ectromelia Dohi A, a strain of low intracerebral virulence for mice, 
which produces pocks on the CAM which are scarcely visible on the 
second day, and are small and nonhemorrhagic on the third day. In the 
doses used this virus does not interfere with RP in the mouse brain. 
Figure 1 shows that 20 PFU of RP multiplied to the same extent whether 
inoculated alone or together with I04 2 PFU of ectromelia virus.
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In the course of experiments on reactivation of H-RP by ectromelia 
in the mouse brain it was observed that the titer of U+ pocks varied 
with the dose of H-RP injected, suggesting that it might be possible to 
measure the titer of reactivable virus by employing standard inoeula of 
ectromelia and assaying mouse brains for U+ pocks after a standard 
time. The best results were obtained by harvesting mouse brains after 
48 hours, and using an ectromelia dose of about 106 PFU. At this concen­
tration small variations in the amount of ectromelia inoculated had no 
effect on the yield of U+ pocks, but deviations of more than tenfold from 
this amount led to decreased recoveries of virus with the U+ phenotype. 
For assaying different preparations of H-RP, tests were carried out at 
two dilutions. If the preparations were likely to be very active, they 
were diluted 1/10 and 1/1000; if the preparations were less active, lower
LOG|0 PARTICLES OF H-RP PER INOCULUM
F ig . 2. Yields of U+ virus obtained a fte r 48 hours from brains which received 
1Ü4 4 PFU  of ectrom elia and various doses of H -R P. E ach point represents the 
mean of four separate  experim ents, in each of which th ree mice were used for 
each dilution. The lim its indicated  for each value are the  standard  deviations
176 JO K L IK , W OODROOFE, HOLMES, AND FE N N E R
dilutions were used. The titers of U+ virus obtained were then referred 
to a reference curve (Fig. 2), which demonstrates that at lower doses 
there is a linear relationship between the dose of H-RP injected and the 
yield of U+ virus. With high doses of reactivable virus a plateau is 
reached (the system becomes insensitive) and maximum titers of U+ 
virus recovered from the brains 48 hours after injection are about 10“ 1 
PFU per brain. Longer incubation periods did not significantly extend 
the range of the assay procedure. By the inoculation of closely spaced 
high dilutions of a preparation of H-RP which contained 1010 particles 
per milliliter (10,J PFU per millimeter before heating), it could be calcu­
lated that the minimum reactivable dose of H-RP detectable by this 
procedure was equivalent to 103-8 particles. If it is assumed that only 
10% of the inoculated virus lodged in the mouse brain (Cairns, 1950; 
Mims, 1960) the ratio of reactivable to total particles is 1: (»00.
Reactivation on the CAM. Reactivation in mouse brain is demonstrable 
only by subculture of brain suspensions on the CAM, on which the 
characteristic pocks of the reactivated RP can be counted. Since we 
wished to test the reactivating capacity of viruses which did not multiply 
in the mouse brain, experiments were carried out on the CAM, initially 
with 7N. When undiluted suspensions of H-RP were mixed with small 
doses (approximately 30 PFU) of 7N and inoculated on the CAM, a 
large proportion of the resulting pocks were of the U4 type, and these 
proved to consist predominantly of virus indistinguishable from RP.
Two methods were available for testing for reactivation on the CAM 
If the reactivation of a virus of distinctive pock type was highly efficient 
the typical pocks could be counted directly. The phenotypes of the 
dominant viral populations of such pocks could be determined by 
needling, purification by SP passage, and characterization by the 
methods described earlier (Fenner, 1959). In doubtful cases the CAM 
was removed, ground up, and passaged either on eggs, or in an animal 
resistant to the active virus used but susceptible to the reactivated 
virus. Reactivation on the CAM has proved of value in the experiments 
described in the next paper (Fenner and Woodroofe, 1960) dealing with 
reactivation by homologous and heterologous viruses.
In a typical direct experiment a mixture of 108 particles (originally 
107 PFU of active virus) of H-RP and 30 PFU of 7N was inoculated on 
the CAM. Two days later there were 66 U and 31 U+ pocks on the five 
membranes examined. Needling and subculture of some of these pocks 
showed that the majority viral population of about one-half the pocks 
was identical in all characters tested with either parental 7N or RP 
while the rest were recombinants.
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C o m p a r i s o n  o f  E c t r o m e l i a ,
TABLE 2
F i b r o m a , a n d  M y x o m a  
o n  T H E  CAM“
f o r  t h e  A s s a y  o f  H -R P
Active Virus Dose of H -R P6 Pock C ount
E ctrom elia, 106 PFU 1 0 4-7 14, 6, 0, 6, 2
F ibrom a, 106 5 I l ) Il0 1 0 6 7 9, 3, 5, 0, 2
Myxoma, 10s PFU 1 0 5-7 1, 3, 3, 3, 2
« M ixtures of H -R P w ith ectrom elia, fibroma, and myxoma viruses were inocu­
lated on th e  CAM and the num bers of pocks produced by the reactiva ted  virus 
counted 2 days later. The results shown are the best observed w ith each com bina­
tion.
b Expressed in term s of particles of H -R P . The pock count of the original 
preparation, before heating , was 10% of the partic le  count.
Assay on the CAM. The reactivability of a preparation of heated virus 
could not be assayed by the method just described, which involved the 
inoculation of a concentrated suspension of heated virus and a very 
dilute suspension of active virus. The reverse procedure was therefore 
examined, using active agents which grew slowly and produced small 
pocks, usually not visible until the third day after inoculation. Three 
poxviruses, ectromelia, fibroma, and myxoma MSD were used as the 
reactivating virus and H-RP as the inactivated component. Falling 
tenfold dilutions of heated virus were inoculated on the CAM, together 
with varying large doses of the reactivating virus. After 2 days, when 
control eggs inoculated with the reactivating virus showed only a 
slight granularity or opacity, discrete RP pocks were seen on eggs 
inoculated with the virus mixtures (Table 2).
Ectromelia virus was easier to prepare in high titer from infected 
CAM than myxoma or fibroma and gave better results than the other 
two viruses. Further experiments were therefore carried out to determine 
the optimum conditions for the assay of reactivability. Figure 3 shows 
that an accurate assay of the titer of H-RP preparations can be made by 
inoculating various dilutions of H-RP together with 104'5 to 106 PFU 
of ectromelia on the CAM of several eggs. The titer of reactivable virus 
preparations can thus be expressed in terms of the pock count obtained 
in the presence of ectromelia. Table 3 shows that the titer of H-RP is 
independent of the amount of ectromelia used over the range of 104 to 
106 PFU. It is likely that the larger amounts of ectromelia interfered 
" ith pock formation by the reactivated virus, whereas the efficiency of 
reactivation decreased with small inocula of ectromelia. Under optimum 
conditions, the ratio of the titer of reactivable to total particles was
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RELATIVE CONCENTRATION OF H-RP
F ig . 3. The relation between dose of H-HL’ and number of U+ pocks on the CAM.
1:1000; i.e., this method was as sensitive as assay by mouse brain 
inoculation and passage on the CAM, and much less laborious.
Reactivation in tissue culture. Monolayers of cultured cells that support 
the multiplication of RP and reactivating virus can be used as the 
system in which reactivation occurs, in the same way as the mouse 
brain. They are of use in the study of the reactivating capacity of viruses 
that will multiply in cultured cells but not in the mouse brain or on the 
CAM, and they allow greater flexibility in the design of experiments.
In a typical experiment monolayers of HeLa cells containing 10s 
cells, grown on the bottom of small bottles, were inoculated with 108 
particles of H-RP and 108 PFU of 7N. After 2 hours’ adsorption the 
monolayers were washed, growth medium was added, and the cells were 
reincubated at 36°. At varying times from 8 to 48 hours later, the cells 
were disrupted by treatment with the ultrasonic drill, heated for 15 
minutes at 55° to destroy most of the virus with the low heat resistance 
of 7N, and inoculated on the CAM. Of 50 clones picked off and charac-
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terized after this selective procedure 14 resembled parental RP, 10 re­
sembled parental 7N, and 20 were recombinants.
Reactivation in the rabbit skin. Reactivation of H-RP could occur also 
in the rabbit skin. Mixtures were made of twofold dilutions of H-RP 
(1010 particles per milliliter) with tenfold dilutions of fibroma virus 
(titer 106 8 ID«, per milliliter), and twenty-four mixtures were inocu­
lated intradermally into separate skin areas on the backs of two rabbits. 
Three days later skin slices were taken from the resulting lesions and 
assayed on the CAM. U+ pocks were produced from sites inoculated 
with 105 6 ID« of fibroma virus and doses of H-RP varying from 10s 7 
to 107 5 particles. Yields were highest with the most concentrated 
mixture.
Time, relationship of the reactivation process. In all the foregoing experi­
ments the inactivated virus and the reactivating agent were added 
simultaneously to the host cells in which reactivation and growth 
occurred. Experiments were carried out in the mouse brain, and in 
cultures of HeLa cells, to ascertain the effects of inoculating the re­
activating agent at intervals before or after the inoculation of H-RP.
Doses of 104 5 PFU of ectromelia virus were inoculated intracerebrally 
into groups of mice at various intervals before and after the inoculation 
of doses of 107-6 particles of H-RP containing 104 5 reactivable particles.
TABLE 3
E ffect  of Am ount of E ctro m elia  on th e  T it e r  of H R P  on t h e  CA M “
Dose of 
Ectromelia 
per CAM 
(PFU).
N um ber 
of U+ 
pocks
Comm ent
HP 02 Pocks difficult to  count; CAM sem iconfluent w ith ectro ­
melia.
HP 6 53 Slightly  less ectrom elia; U+ pocks more d istinct.
105.0 60 U+ pocks stand ing  out well against background of ec tro ­
melia.
HP 6 08 E ctrom elia does not interfere w ith count of U+ pocks.
HP ‘ 05 Very good CAM; equivalent to  counting active R P on its 
own.
103.6 12 —
“ E ach egg received 0.1 ml of the required dilution of ectrom elia and 0.1 ml of a 
suitable d ilution of H R P and was incubated  for 42 hours. The num ber of U+ pocks 
represents the average of th e  two m em branes showing the highest counts out of 
groups of five.
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TABLE 4
T h e  E ffe c t  o f  I n o cu la tin g  E LR P a n d  th e  R ea c tiv a tin g  A g en t  at 
D if f e r e n t  T im es
Time interval between 
inoculations
Experiments in mouse brain 
(reactivating agent, ectromelia) 
U+ pocks per brain (logio PFU)a
Experiments in HeLa cells 
(reactivating agent, 7N) 
Presence of reactivation"
H -R P : 4 D ays before — —
3 D ays before 2.9 + +
2 D ays before 3.0 + +
24 hours before 4.4 + + +
10 H ours before 3.9 + + +
8 H ours before 4.2 + + +
4 H ours before 4.7 + + +
Sim ultaneous 6.3 + + +
4 H ours a fter 5.3 + +
8 H ours a fter 5.2 + +
16 H ours a fter 5.8 + +
24 H ours a fte r 6.1 +
2 Days a fter —
° — =  no evidence of reactiva ting  even a fte r passage of CAM; +  =  U+ pocks 
present on passage; +  +  and +  +  +  =  few or m any U+ pocks seen on d irect assav; 
. .  = not done.
Pools of three brains were processed in the usual way 2 days after the 
second inoculation and titrated on the CAM, with the results shown in 
Table 4. Reactivation occurred when H-RP was inoculated 3 days before 
ectromelia, but not with longer time intervals. The efficiency of re­
activation, as judged by the yield of U+ pocks, was maximal if the two 
reagents were inoculated simultaneously, and was greater when H-RP 
followed ectromelia virus than when the inactivated virus was inoculated 
first.
In the mouse brain it was impossible to infect all susceptible cells 
with the dose of ectromelia virus used, and in the 2 days allowed after 
the second inoculation the viruses went through several growth cycles. 
An experiment was therefore set up in cultures of HeLa cells, which 
were inoculated with doses of virus large enough to ensure infection of 
all cells.
Cell monolayers containing 105 HeLa cells were inoculated with 10s 
particles of H-RP and 10s PFU of 7N at various intervals, as shown 
in Table 4. Twenty-four hours after the addition of the second com­
ponent the cells were disrupted, the fluids treated at 55° for 15 minutes 
to reduce the titer of virus with the low heat resistance of 7N, and 
inoculated on the CAM either undiluted or at appropriate dilutions.
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Reactivation was most efficient in cells inoculated simultaneously with 
the two viruses, but it could be demonstrated with decreasing efficiency 
when H-RP was inoculated up to 3 days before 7N, or up to 24 hours 
after the active virus. The monolayer showed confluent cytopathic 
changes by the second day after the inoculation of 7N, so that it is not 
surprising that addition of H-RP at this stage failed to produce reacti­
vation.
DISCUSSION
The reactivation of heat-inactivated RP by a variety of reactivating 
viruses occurs in a number of host cell systems, indeed it is likely that 
reactivation will occur in any cells that will support the multiplication 
of both the reactivating and the reactivated viruses. Each of the host 
cell systems described in this paper has been used for the elucidation of 
special problems, as will be evident from the work presented in the 
next papers of this series. Host animals highly susceptible to the one 
virus but resistant to another may be used when it is necessary to confer 
a selective advantage on the reactivated virus; the CAM is useful for 
the assay of reactivability and for the demonstration and quantitation 
of phenotypes of the pock-type character. Cultured cells, in which input 
multiplicities can be more accurately measured than in intact animals, 
are being used for quantitative studies of reactivation.
Just as different host cell systems are appropriate for different types of 
investigation, so also is there a wide choice of both the inactivated 
virus, and the reactivating agent. It will be shown in the next paper 
(Fenner and Woodroofe, 1960) that any poxvirus will serve as a re­
activating agent for any other suitably inactivated member of the 
poxvirus group. H-RP is the preferred inactive agent for many experi­
ments because of its high infectivity and rapid growth rate in many 
hosts, including mouse brain and the CAM. However, the U pocks of 
7N, which has a similar growth rate to RP on the CAM, are somewhat 
easier to count than the U+ pocks of RP, and for quantitative assays on 
the CAM H-7N it is probably a more suitable agent. Ectromelia virus 
of any strain is satisfactory as the reactivating agent in direct assays 
on the CAM, for all strains of this virus produce minute pocks on the 
CAM on the second day, when assays of the reactivated H-RP or 
H-7N are carried out. Ectromelia Dohi A is the most suitable agent for 
mouse brain assay because it is of lower intracerebral virulence for the 
mouse than other strains of ectromelia virus, and it does not interfere 
with the growth of RP in the mouse brain.
The assay procedures described in this paper provide a convenient
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means for quantitating the reactivability of inactivated virus sus­
pensions, and they have been extensively used in quantitative work on 
the properties of inactivated virus suspensions (Joklik et al., 1960). The! 
chief advantage of the mouse brain for the assay of reactivability is that 
it is very tolerant to chemical and enzymatic reagents. The assay jg 
however, a slower and more laborious one because it involves successive! 
inoculation of mouse and CAM, and incubation in each host for 2 days. I 
It has been used only when direct assay on the CAM was impossible. 1
The sequence of events in the CAM or mouse brain during reactivation 
is complex. With the lower concentrations of inactivated virus a re- 
activable particle may be lodged in a cell some distance from the nearest 
reactivating virus particle. During the early growth cycles in the CAM 
or mouse brain, the cell concerned may be invaded by active virus, and 
this initiates reactivation. The reactivated particle may then proceed 
to multiply at a much faster rate than the reactivating agent, and, de­
pending upon the availability of uninfected cells, may produce a char­
acteristic pock. We have calculated that under optimum conditions 
about 1 % of the originally infectious virus in a preparation of H-RP 
may be reactivable. We do not yet know whether this figure is much too 
low, since there may be interference with the production of a typical 
pock, or with the growth of the reactivated virus in the mouse brain, 
due to the presence of the reactivating virus.
Kilham et al. (1958) found that heated myxoma virus could be re­
activated by fibroma virus in tissue cultures when the inactive virus 
was inoculated 24 hours before or 48 hours after the reactivating agent. 
We have obtained similar results with H-RP and 7N in tissue cultures, 
and with II-RP and ectromelia virus in mouse brain.
Except when simultaneous infection of all cells with the active agent 
occurred, as in the experiment in HeLa cells, the results involving in­
fection with active virus before addition of the inactivated component 
are of little significance. In the HeLa cell experiment it was remarkable 
that under conditions which ensured single cycle infection with active 
7N reactivation occurred, although with low efficiency, when H-RP was 
introduced as long as 24 hours later, when multiplication of 7N would 
be well advanced in all cells.
H-RP can remain in a reactivable form in both mouse brain and 
HeLa cells for at least 3 days, suggesting that some reactivable particles 
resist digestion by the host cell enzymes for this period.
Many experiments on reactivation can be carried out with virus sus­
pensions that are not completely noninfectious, if suitable dilutions are
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(1 However, it is convenient, for other experiments, to use high 
ntrations of inactivated virus, and this is practicable only if the 
■ jctivated material can be shown to be completely noninfectious. 
Experiments with mixtures of RP and H-RP demonstrated that rigorous 
of of the absence of infectious RP from such mixtures could not be 
obtained by the inoculation of mice or rabbits, but could be ensured by 
assay on the CAM, with passage of the membranes 2 days after inocu­
lation.
REFERENCES
I!FHRv, G. 1’., and D e d r ic k , H. M. (1936). A method for changing the virus of 
rabbit fibroma (Shope) into that of infectious myxomatosis (Sanarelli). ,/. 
Bacterial. 31, 50-51.
C o r n s , H. J. F. (1950). Intracerebral inoculation in mice: fate of the inoculum. 
Nature 166, 910-911.
Ray, M. F., F e n n e r , F., and W o o d ro o f e , G. M. (1956). Further studies on the 
mechanism of mosquito transmission of myxomatosis in the European rabbit. 
./. Hi/g. 54 , 258-283.
Rohx, S. (1951). On the biology of inclusion bodies in virus diseases. On ectro 
melia viruses. Acta Pathol. Japon. 1, 87-96.
Fe n n e r , F. (1958). The biological characters of several strains of vaccinia, cow- 
pox and rabbitpox viruses. Virology 5, 502-529.
F en n er , F. (1959). Genetic studies with mammalian poxviruses. II. Recombina­
tion between two strains of vaccinia virus in single HeLa cells. Virology 8, 
499-507.
F en n er , F., and C o m b e n , B. M. (1958). Genetic studies with mammalian pox 
viruses. I. Demonstration of recombination between two strains of vaccinia 
virus. Virology 5, 530-548.
F e n n e r , F., and M a rsh a ll , I. D. (1957). A comparison of the virulence for 
European rabbits (Oryctolagus cuniculus) of strains of myxoma virus recovered 
in the field in Australia, Europe and America. J. Hyg. 55, 149-191.
F e n n e r , F., and W o o d r o o f e , G. M. (1954). Protection of laboratory rabbits 
against myxomatosis by vaccination with fibroma virus. Australian J. Exptl. 
Biol. Med. Set. 32, 653-668.
F e n n e r , F., and W o od ro ofe , G. M. (1960). The reactivation of poxviruses. II.
The range of reactivating viruses. Virology 11, 185-201.
F e n n e r , F., H o l m e s , I. H., J o k l i k , W. K., and W o o d r o o f e , G. M. (1959). The 
reactivation of heat-inactivated poxviruses: a general phenomenon which in­
cludes the fibroma-myxoma transformation of Berry and Dedrick. Nature 
183, 1340-1341.
Ge s s l e r , A. E., B e n d e r , C. E., and P a r k i n s o n , M. C. (1956). A new and rapid 
method for isolating viruses by selective fluorocarbon deproteinization. Trans. 
N. Y. Acad. Sei. 18, 701-703.
J o kl ik , W. K., H o l m e s , I. H., and B r ig g s , M. J. (1960). The reactivation of pox­
viruses. III. Properties of reactivable particles. Virology 11, 202-218. 
Kaplan, C. (1958). The heat inactivation of vaccinia virus. J. Gen. Microbiol. 
18, 58-63.
184 JOKLIK, WOODROOFE, HOLMES, AND FENNER
Kilham, L., Lerner, E ., Hiatt, C., and Shack, J. (1958). Properties of myxoma 
transforming agent. Proc. Soc. Exptl. Biol. Med. 98 , 689-692.
Mims, C. A. (1960). Intracerebral injections and the growth of viruses in the 
mouse brain. Bril. J . Exptl. Pathol. 41, 52-59.
Overman, J. R., and Sharp, D. G. (1959). Ratios of vaccinia virus particles to 
virus infectious units. Studies of ratio changes during growth and adaptation 
in eggs, guinea pigs and rabbits. J . Exptl. Med. 110, 461-480.
Westwood, J. C. N ., Phipps, P. H., and Boulter, E. A. (1957). The titration 
of vaccinia virus on the chorioallantoic membrane of the developing chick 
embryo. J. Hyg. 55, 123-139.
Woodroofe, G. M. (1960). The heat inactivation of vaccinia virus. Virology (in 
press).
. fro ,,, V ir o l o g y , Volume 11, 
Copyri*M ©  1060 by Academic Press Inc'
vibology 11, 185-201 (1960)
No. 1, May 1960 
Printed in U.S.A.
The Reactivation of Poxviruses
II. The Range of Reactivating Viruses
F rank F en n er  and G wendolyn M. Woodroofe
Department of Microbiology, John Curtin School of Medical Research, Australian  
National University, Canberra, A ustralia
Accepted February 12, 1960
H eat-inactivuted  poxviruses can be reactivated  by any  o ther active pox­
virus. Thus, H -R P, H-7N, and H -C PR  can be reactiva ted  by  single-step 
m utants (R P n l and CPwl6), by o ther members of the m am m alian poxvirus 
group (hom oreactivation) and by myxoma, fibroma, fowlpox, and contagious 
pustu lar derm atitis virus (heteroreactivation). Under sim ilar conditions the 
same heated preparations cannot be reactivated  by active agents belonging 
to  other groups, such as Rickettsia australis, psittacosis virus, infectious 
laryngotracheitis virus, herpes simplex virus, influenza virus, Rous sarcoma 
virus, or M urray Valley encephalitis virus.
Analysis of clones of virus obtained from pocks appearing on membranes 
showing evidence of reactiva tion  showed th a t m any pocks contained a m ajor­
ity  population of virus indistinguishable in the several m arkers examined 
from the heat-inactiva ted  agent. This occurred irrespective of w hether the 
reactivating  virus belonged to  the same subgroup (hom oreactivation) or was 
an unrelated poxvirus (heteroreactivation).
In  hom oreactivation, bu t not in heteroreactivation , recom binants, as well 
as the phenotypes of the reactiva ting  and the reactiva ted  virus, were re­
covered.
IN TR O D U C TIO N
The preceding paper (Joklik et al., 1960a) describes several methods 
for demonstrating the reactivation of heat-inactivated rabbitpox virus 
(H-RP). We have already reported briefly on the reasons for regarding 
this sort of reactivability as a general phenomenon in the poxvirus group 
(Fenner et al., 1959); independent proof of this has recently been fur­
nished by Hanafusa et al. (1959). The present paper records detailed 
results showing the range of active viruses that will or will not reactivate 
selected heat-inactivated poxviruses. Detailed characterization of the 
reactivated clones provides a basis for the view that the phenomenon 
with which we are concerned, which is the same as that first reported
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by Berry and Dedriek (1936), and recently elaborated by Kilham 
(1958), is best regarded as reactivation of the inactivated virus rather 
than “transformation” of the active by the inactivated agent.
TERMINOLOGY
Reactivating agent, reactivate virus, and reactivability are used in 
the sense described earlier (Joklik el al., 1960a).
Homoreactivation refers to the reactivation of a particular inactivated 
poxvirus preparation by a closely related active virus. This may be 
either a mutant form of the inactivated virus (e.g., a u mutant of RP), 
or another member of the same subgroup of the poxvirus group.
Heteroreactivation refers to the reactivation of a particular inactivated 
poxvirus preparation by an active poxvirus belonging to another sub 
group, e.g., the reactivation of II-It 1' by fowlpox virus.
MATERIALS AND METHODS
Virus strains used, the methods of preparation of virus stocks, and the 
methods of titration used are set out in Table 1.
Preparation of heat-inactivated virus. For convenience, heat-inactivated 
viruses will be symbolized by the letter “H” used as a prefix for the 
abbreviation of their name—thus H-RP = heat-inactivated rabbitpox 
virus.
The method of preparation of H-RP and the demonstration of its 
lack of infectivity were described earlier (Joklik et al., 1960a). The 
preparations of H-RP and H-7N used in all experiments described in 
this paper had been heated in phosphate-buffered saline at 60°C for 15 
minutes. Comparable results were obtained with preparations heated at 
55° for 2>2 hours. Details of the conditions for inactivation of other 
viruses are given in appropriate sections.
Complete lack of infectivity of the heated poxviruses was ensured by 
inoculating heated preparations on the CAM and passing the inoculated 
membranes on a further group of CAM. This is the most sensitive 
available test for residual infective virus (Joklik et at., 1960a).
Demonstration of reactivation. Reactivation can be demonstrated by 
mixed infection of cells that support the growth of the active forms of 
both the viruses employed. In the previous paper it was pointed out 
that mouse brain, the chorioallantoic membrane, or cultured cells all 
provided a satisfactory milieu for reactivation. Most of the experiments 
reported in this paper were carried out on the CAM, for it was found 
that when concentrated H-RP and a dilute suspension of another pox-
V i r u s  S t r a i n s  U s e d : T h e i r  O r i g i n s , t h e  S o u r c e  o f  S t o c k
Virus stra in
R abbitpox-U trech t (wild type) 
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Cowpox-Brighton (white 
m utan t)
Cowpox-Brighton-W hite 
Ectrom elia-M oseow 
M yxom a-Lausanne 
Fibrom a-Boerlage
C ontagious pustu la r derm a­
titis
Fowl pox
M urray  Valley encephalitis 
Rous sarcom a virus
Herpes simplex, H FEM
Infectious laryngotracheitis
Influenza WSE 
Psittacosis B lount
Rickettsia australis
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Com m onwealth Serum L abora­
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In s titu te
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From  W alter and E liza Hall
In s titu te
From  W alter and E liza Hall
In s titu te
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to ry  vaccine
D r. S. Fazekas de St. G roth
From  W alter and E liza Hall
In s titu te
From  Queensland In s titu te  of 
M edical Research
, a n d  t h e  M e t h o d s  o f  I n f e c t i v i t y  T i t r a t i o n
A bbrevi­
ation Source of stock virus
M ethod of infec­
tiv ity  titra tio n
R P CAM CAM: pock count
R P itl,
R P m2
CAM CAM: pock count
7N CAM C A M : pock count
C PR CAM CAM: pock count
CP-ulO CAM C A M : pock count
CPW CAM CAM : pock count
ECT CAM C A M : pock count
MYX R abb it skin and testis C A M : pock count
F IB R abb it skin and testis In traderm al t i ­
tra tio n  in  ra b ­
bits
C PI) Scarification of sheep In traderm al t i ­
tra tio n  in sheep
F P CAM C A M : pock count
MVE Mouse brain C A M : pock count
RSV Chicken tum or C A M : pock count
H E R P CAM C A M : pock count
ILT CAM C A M : pock count
FLU A llantoic fluid CAM: pock count
P SIT Yolk sac of chick 
embryo
C A M : pock count
N Q TT Yolk sac of chick 
embryo
C A M : pock count
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virus were inoculated together on the CAM some of the pocks were of 
the U+ (rabbitpox) type. Sampling of these by needling and SP passage 
showed that most of the virus clones thus recovered resembled RP in all 
characters (U+ A T+ V(M+ R+) (Fenner, 1959). Various recombinants 
were also obtained, and these will be described fully elsewhere. The 
direct demonstration of reactivation on the CAM was found to apply t o 
a wide variety of combinations of viruses.
This method was also used to exclude the occurrence of reactivation 
with certain combinations of inactive and “reactivating” viruses. For 
this purpose concentrated heated virus and various concentrations of 
the agent under test were inoculated together. If the membranes showed 
no evidence of reactivation 2 days later they were ground up, and the 
suspensions obtained were subinoculated on the CAM, and also into 
host animals that were susceptible to the active form of the heat-in­
activated virus but naturally resistant (or actively immunized) to the 
reactivating agent.
Characterization of virus clones. Marker characters of the viruses most 
extensively used in the current experiments have already been described 
(Fenner, 1959). Virus clones were purified by needling and single-pock 
selection. The characterization of virus clones followed the procedures 
described earlier (Fenner and Comben, 1958), modified where necessary 
for viruses other than RP and 7N. They will not be described in detail 
here, but where heat-inactivated RP, 7N, CPR, or CPW are said to have 
been reactivated, this means that in all detectable characters the reacti­
vated clones resembled the appropriate parental phenotypes.
EXPERIMENTAL RESULTS 
H o m o r e a c t i v a t i o n
1. Homoreactivation of H-RP and H-CPR by Their Respective u Mutants
Different white variants of rabbitpox virus (RP) have been shown to 
be due to single mutations at several different loci (Gemmell and Cairns, 
1959). Two of these mutants, RPwl and RPw2, were selected for tests of 
homologous reactivation because they produced small white (U) pock- 
on the CAM (Gemmell and Fenner, 1960), whereas RP produces hemor­
rhagic ulcerated (U+) pocks. There is a similar situation with the white 
variants of cowpox virus (Fenner, unpublished), and CPwl6 was se­
lected for the reactivation of the wild-type H-CPR.
Homoreactivation of H-RP by RPul and RPu2. Volumes of 0.1 ml 
containing 108 particles of H-RP and about 20 PFU of RPwl or RPm2
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re inoculated on the CAM, with appropriate controls. Pock counts 2 
days later gave the results shown in Table 2. Pocks were of three types; 
some were small white pocks identical with those produced by RPwl or 
|{Pi<2, others were large, pale, ulcerated pocks of the type produced by 
KPm+ (wild type), and there were a few larger white pocks with irregular 
edges. Subinoculation of the latter showed that they were produced by 
RPw+ under conditions of partial interference, and they have been 
classified as RPw+ in Table 2.
In both experiments about half of the pocks seen were of the type 
associated with the reactivated virus, and half of the type produced by 
the reactivating agent. In this, as in all other experiments in which high 
concentrations of heated virus were used, there was great variation in 
the response of individual eggs. Some membranes showed considerable 
thickening and opacity due to the H-RP inoculum alone, and this some­
times interfered with the development of characteristic pocks; and on 
other membranes there was little nonspecific opacity.
Homoreactivation of H-CPR by CPul6. The pocks of cowpox and its 
white variants develop more slowly on the CAM than those of vaccinia 
(Fenner, 1958), and readings were therefore made on the third day.
Reactivation of the preparation of H-CPR used was consistently less 
frequent than with H-RP, and in three separate experiments only about 
a quarter of the pocks were of the U+ type (Table 2).
2. Homoreactivation between Different Members of the Vaccinia-Variola
Group
Four “species” of closely related mammalian poxviruses have been 
recognized (Fenner and Burnet, 1957). These are vaccinia (of which 
rabbitpox virus may be considered a variety), variola, cowpox, and 
ectromelia viruses. Contagious pustular dermatitis virus (CPD) exhibits 
some antigenic relationships with vaccinia virus (Webster, 1958), but it 
will be considered in the next section. Variola virus is not available in 
Australia, but the interactions of the other three members of the mam­
malian poxvirus group were tested. Several different viruses served as 
the heat-inactivated agents.
The simplest method of demonstration of homoreactivation was the 
inoculation of the CAM with concentrated heat-inactivated virus and 
suitable dilutions of the active agent. The membranes, and suitable 
controls, were examined 2 or 3 days later, with the results shown in 
Table 2. This method gave unequivocal results when there were pro­
nounced differences between the pocks produced by the reactivated and
sTABLE 2
H om o rea ctiv a tio n 0
Active virus R esults
H eat- D ay of
inactiva ted Inoculum exam- R atio
virus Designa- Pock type ination Pock count
“ reac tiva ted
pocks” Clones characterized
to ta l pocks
H-RP RPwl Small white H-RP +  RPf/1 2 1 0  18, 2 6  17, 3  6, 2, 5 10 44/97 8 U+ pocks, all
Saline +  RPwl 2 9, 8, 80, 69, 8 RP
H-RP RPu2 Small white H-RP +  RPu2 2 2, 4, 1 1, 1 , 5  2, 2 9/18 6 U+ pocks, all
Saline +  RPw2 2 4, 9, 8, 12, 6, 5 RP
H-CPR CPwl6 Small white H-CPR +  CP«16 3 4 6 ,6 ,0 ,1 6 ,1 3 ,5 ,3 0 9/41 4 U+ pocks, all
Saline +  CPul6 3 6, 6, 4, 9, 5, 8 CPR
H-RP 7N Large white H-RP +  7N 2 4 17, 9, 1 8, 5 2, 21  30 31/97 32 pocks: 7—7N,
Saline +  7N 2 26, 11, 33, 20, 15 11—RP, 14—
recomb.
H-RP CPnlO Small white H-RP +  CP«16 2 3 6, 5 4, 6 4, 4 1,3 10, 1 9  5 40/70 —
Saline +  CPwl6 2 2, 12, 3, 4, 16
H-RP CPW Large white H-RP +  CPW 2 2 0  12, 4 15, 2 4, 10  5 36/72 7 U+ pocks: 6
Saline +  CPW 3 8, 20, 8 RP, 1 recomb.
H-RP ECT Very small white H-RP +  ECT 2 3 5 , 1 2 , 3 0 , 3 8 , 7 0 , 38 223/223 10 U+ pocks, all
Saline +  ECT 2 No definite pocks RP
3 16, 20. 5, 4, 2, 4
F
E
N
N
E
K
 
A
N
D
 
W
O
O
D
R
O
O
FE
H-7N HP U lcerated red H-7N +  RP 2 4 2, 1 1, 4 3, 7, 6 1, 12 2 34/43 1
Saline +  R P 2 7, 12, 3, 17, 5, 8
H-7N C PR U lcerated deep H-7N +  C PR 2 11 4, 9, 18 1, 5, 10 53/58 —
red Saline +  C PR 3 22, 34, 11, 30, 13, 8
H-7N E C T Very sm all w hite H-7N +  E C T 2 22, 25, 14, 14, 10, 8 113/113 20 Large white
Saline +  E C T 3 16, 20, 5, 4, 2, 4 pocks, all 7N
H -C PR E C T Very small w hite H -C PR  +  E C T 3 4 4, 2 9, 3 3, 5 12, 3 2, 11, 21/69 —
2 2, 2 4
Saline +  ECT 3 29, 39, 39, 12, 51, 45
“ Volumes of 0.1 ml concentrated  heated virus and dilu ted  reactiva ting  virus were inoculated on th e  CAM of 11-day- 
old chick embryos. H -R P  contained 109-7 particles per m illiliter (in itially  109 0 PFU  per m illiliter), and had  been heated 
a t  60° C for 15 m inutes. H-7N contained 109 5 particles per m illiliter (in itially  109 3 PFU  per m illiliter), and had been 
heated a t 00° C for 15 m inutes. H -C PR  contained in itia lly  10s 4 PFU  per m illiliter, and had been heated  a t 55° C for 2 
hours. C ontrol mem branes were inoculated w ith the d ilu ted  reactiva ting  agent and saline. M em branes were examined 
a fter 2 or 3 days’ incubation  a t 36° C. Pocks ascribed to  reactiva ted  virus are set in boldface type.
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the reactivating virus, as for example, with vaccinia and ectromelia. 
Clones of virus recovered from several of these “reactivated” pocks 
were fully characterized (Table 2). The common association of virus 
indistinguishable from the inactivated agent with these pocks justified 
the direct counting of reactivation. Recombinants were recovered from 
only a small proportion of such pocks (Woodroofe and Fenner, I960).
The results set out in Table 2 show that homoreactivation can be 
clearly demonstrated on the CAM with a variety of members of the 
variola-vaccinia group. The examples described were chosen because 
they included members of the major recognized “species” of this sub­
group (except variola); and combinations were selected that allowed a 
clear differentiation of the pocks produced by each agent. The number 
of “reactivated” pocks produced by ectromelia virus inoculated with 
H-RP and H-7N was greater, and the pock counts were more consistent, 
than on control membranes inoculated with ectromelia alone.
Several combinations were also inoculated intracerebrally in the 
mouse, or into HeLa cell cultures, with subsequent examination of virus 
from the mouse brain or cell cultures on the CAM. Positive results were 
invariably obtained with homologous viruses of the variola-vaccinia 
group.
H eter o r ea c tiv a tio n
Within the poxvirus group (Fenner and Burnet, 1957), there are 
several subgroups, each comprising several serologically related viruses. 
There is no serological crossing between members of these different 
subgroups. However, it was found that heat-inactivated viruses of the 
vaccinia-variola subgroup could be reactivated by active viruses of 
these other subgroups—thus H-RP was reactivated by myxoma, fibroma, 
fowlpox, and CPI) viruses.
As with homoreactivation, heteroreactivation of members of the 
vaccinia-variola subgroup could usually be demonstrated directly on 
the CAM. The results of several such experiments are shown in Table 3.
If no pocks of the type associated with the reactivated virus were 
seen on the CAM, the membranes were removed aseptically and passaged 
in eggs and on the rabbit skin. Sometimes positive results were obtained 
on passage although no pocks were seen on the membrane, but usually 
the direct pock assay gave the same end point as passage of the CAM.
As can be seen from Table 3 all combinations tested gave positive 
results, although the efficiency varied. Membranes inoculated with 
H-RP or H-7X plus myxoma (MYX) always showed only “reactivated’ 
pocks on the second day, and the average pock count was only slightly
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lower than that of the control membranes inoculated with the same 
dilution of myxoma and examined on the third day. There was great 
variation in the response of different membranes. Reactivation of H-CPR 
by myxoma virus was less efficient than reactivation of H-RP or H-7N 
by this active agent.
Fibroma virus (FIB) multiplies on the CAM and can be passaged in 
series on the membrane (Smith, 1948), but it produces no pocks that 
can be recognized macroscopically, although large doses cause a “ground 
glass” opacity. When various dilutions of a stock preparation of fibroma 
were inoculated with H-RP or H-7N characteristic “reactivated” pocks 
were produced out to a dilution of 10-3, which corresponded to 102'8 ID 6I, 
of fibroma virus, titrated by the intradermal inoculation of rabbits. 
With a given dilution of fibroma, there were great variations between 
replicate membranes and great deviation from linearity in the relation­
ship between the mean pock count and the dilution of fibroma virus.
Fowlpox virus (FP) produces large, pale, nonulcerated pocks on the 
CAM but grows much more slowly than members of the vaccinia-variola 
group. By examining membranes for reactivated pocks 2 days after 
inoculation and control membranes after 4 days, a clear differentiation 
could be made, for fowlpox produces no recognizable pocks on the second 
day. The efficiency of reactivation of H-RP and H-7N by fowlpox 
appeared to be considerably lower than by myxoma.
Contagious pustular dermatitis virus (CPD) produces minute pocks 
on the CAM but cannot be passaged in this host (Webster, 1958). When 
various dilutions were inoculated on the CAM together with H-RP or 
H-7N, positive results were obtained on passage with the 10_I and 10 2 
dilutions, but reactivated pocks were seen only with the 10-2 dilution. 
Titrated by the intradermal inoculation of sheep, the CPD preparation 
used contained 106 ID 5o per milliliter.
Pocks were picked off by needling from suitable membranes of most 
of the combinations shown in Table 3, purified by SP passage, and 
characterized for pock morphology, heat resistance, hemagglutinin pro­
duction, and mouse and rabbit virulence. In all cases all the clones 
selected resembled the reactivated parent in all those characters [U+ 
A T+ V(M+ R+) for RP; U A+ T V(M R) for 7N].
Attempts to D emonstrate R eactivation of H eated P oxviruses 
by Active V iruses of Other  G roups
Since reactivation was demonstrable by all members of the poxvirus 
h'oup that could be tested, further experiments were carried out with
TABLE 3
H e t e r o r e  activ ation"
£
Active virus
Heat-
inactivated
virus Designa­
tion Pock type
Inoculum
H-RP MYX Very small white H-RP +  MYX
H-7N MYX Very small white H-7N +  MYX 
Saline +  MYX
H-CPR MYX Very small white H-CPR +  MYX 
Saline +  MYX
H-RP FIB No definite pocks 
(106 8 ID m per 
ml)
H-RP +  FIB 10« 
H-RP +  FIB  lO-i 
H-RP +  FIB  10~2 
H-RP +  FIB 10-* 
H-RP +  FIB  IO”4
H-7N FIB No definite pocks 
(106 8 IIXo per 
ml)
H-7N +  FIB 10» 
H-7N +  FIB 10~‘ 
H-7N +  FIB 10“2 
H-7N +  FIB 10-3 
H-7N +  FIB IO 4
Results
Day of 
exam­
ination
2
2
3
3
3
Direct pock count
Subinoc­
ulation 
of ground 
membranes
Clones
characterized
0, 1, 2 , 15 , 9 , 4 , 2 7 , 0, 0, 4
20 , 4 , 0, 0, 2 , 0, 8 , 8 , 7 , 1 
14, 11, 8, 8, 3
8, 9, 7 4 , 12 8, 15, 1 20 
70 , 50 , 24 , 34, 36
—
20 U+ 
pocks, all 
RP
7 U pocks, 
all 7N
2 36 , 31. 48 . 20 . 3. 125. 200 . 38 —
2 69, 30 , 100, 200, 29 , 35 , 36 —
2 37, 38 , 11 , 109 , 5, 2 , 16 — 18 U+
2 14. 2 , 0 , 0 , 3 . 1, 6 . 5 — pocks, all
2 0 , 0 , 0 , 0 Negative RP
2 180. 2 5 0 ,1 4 . 5 0 0 .1 7 0 . 52. 6 ,1 0 6
2 94 , 100, 22 , 40 . 25 , 58 , 104 , 33
2 0, 17. 2 . 0, 5 . 8 , 0 4 U pocks,
2 0 , 1 , 0 , 0 , 0 , 0 Positive all 7N
2 ; o , o , o , o , o , o Negative
3 *
8
I
J
K
E
N
N
E
R
H R P FP Large pale white H -R P  -p F P  10 2 2 6, 0, 35, 39, 51, 29, 77, 31 _ 1
on 4 th  day H -R P  +  F P  10~3 2 2, 0, 0, 19 Positive
H -R P  +  F P  10“4 2 0, 0, 1, 0 Positive
H -R P  +  F P  lO"5 2 0, 0, 2, 0, 0 Positive
H -R P  +  F P  lO '6 2 0, 0, 0, 0, 0 N egative
H-7N F P Large pale w hite H-7N +  F P  HP2 2 57, 0, 9, 108 —
on 4th day H-7N +  F P  lO“3 2 6, 5, 0, 22, 44, 16, 27 — 8 U pocks,
H-7N +  F P  10~4 2 17, 1, 0, 2, 2, 15, 0, 1 — all 7N
H-7N +  F P  10-6 2 1, 0, 0, 0, 0 Positive
H-7N +  FP  10-« 2 0, 0, 0, 0, 0 N egative
Saline +  F P  10-« 4 13, 7, 9, 8, 6, 9 —
H -R P C PD Very small on H -R P +  C P I) lO-4 2 0, 0, 0, 0, 0 Positive
th ird  day  (105 H -R P  +  CPD  lO 2 2 3, 10, 0, 0, 0 Positive
ID.,o per ml) H -R P  +  C PD  10~3 2 0, 0, 0, 0, 0 N egative
H-7N C PI) Very sm all on H-7N +  CPD  lO-» 2 0, 0, 0, 0, 0 Positive
th ird  day (105 H-7N +  CPD  10-2 2 3, 7, 1, 14, 1 Positive 4 U pocks,
ID 6o per ml) H-7N +  CPD  10-* 2 0, 0, 0, 0, 0 N egative all 7N
Saline +  CPD  10~2 3 30, 42, 8, 27, 7 —
“ Procedure and heated virus preparations as in Table 2. If no “ reactiva ted  pocks” were seen on th e  CAM, the mem­
branes were aseptically  reaped, ground up, and subinoculated on fresh CAM; and  in to  rabb its . Pocks ascribed to  re­
ac tiva ted  virus are set in boldface type.
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TABLE 4
F a il u r e  to  D em o n str a te  R ea ctiv a tio n  of H e a t -in a ctiv a ted  P o x v ir u se s  by  Ac tiv e  V ir u s e s
B e l o n g in g  to Ot h e r  G ro u ps»
Active agent Results
Designation
Concentra­
tion of stock 
virus (PFU 
per ml)
Inoculum (equal parts in 0.1-ml 
volumes)
Direct examination
Passage of CAM and subinoculation 
at various dilutions
In rabbit On CAM
MVE 10s H-RP +  MVE lO“4 
H-7N +  MVE 10“4 
Saline +  MVE 10‘ 6
2 Days: scattered small pocks
2 Days: general opacity only
3 Days: 7, 28, 11 small pocks
Negative
Negative
Negative
No RP pocks 
No 7N pocks
RSV 104-3 H-RP +  RSV KP» 3 
H-7N +  RSV 10-« 3 
Saline +  RSV 10"s
2 Days: general opacity 
2 Days: general opacity 
6 Days: 2, 4, 1 ,0  pocks
Negative
Negative
Negative
No RP pocks 
No 7N pocks
HERR 105.2 H-RP +  HERP 10^' 
H-7N +  HERP 10-1 
Saline +  HERP 10“2 3
2 Days: semiconfluent herpes pocks
2 Days: semiconfluent herpes pocks
3 Days: 84, 74
Negative
Negative
Negative E
ILT 104 2 H-RP +  ILT 10-> 
H-7N +  ILT 10“1 
Saline 4- ILT 10-2
2 Days: general opacity
2 D ays: general opacity
3 Days: 5, 9, 5 pocks
Negative 
N egative 
Negative
No RP pocks 
No 7N pocks
WSE 107 2 H-RP +  WSE 10“4 
H-7N +  WSE lO“4 
Saline -f WSE 10“4 3
2 Days: general opacity 
2 Days: general opacity 
2 Days: 124, 57, 42
Negative
Negative
Negative
No RP pocks 
No 7N pocks
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PSIT 1 Q 6 . 3 H -R P +  P S IT  IIP2 
H-7N +  P S IT  K P2 
Saline +  P S IT  KP4-3
3 D ay s : general opacity  
3 D ays: general opacity  
3 D ays: 3, 2, 20, 10
N egative 
N egative 
N egative
No R P  pocks 
No 7N pocks
NQTT 105-7 H -R P +  N Q TT IIP1 
H-7N +  N Q TT K P1 
Saline +  N Q TT HP3
2 D ays: general opacity
2 D ays: general opacity
3 D a y s : 28, 64, 45
N egative
N egative
N egative
No R P  pocks 
No 7N pocks
“ P reparations of H -R P  and H-7N th a t gave positive results in hom oreactivation and hetero reactivation  tes ts  (Tables 
2 and 3), in the same dosages as in those tests. Procedure sim ilar to  th a t  outlined in  T able 3.
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viruses belonging to unrelated groups, to see whether they could reacti. 
vate H-RP or H-7N.
The basic technique with these active agents, all of which belong to 
different virus families, and all of which grow on the CAM, was the 
same. Doses of the active agent that alone would produce about LOO 
and about 1000 pocks on the CAM were mixed with stock preparations 
of H-RP or H-7N and, with the appropriate controls, inoculated on the 
CAM of groups of eggs. The membranes were examined 2 days later 
for RP or 7N pocks; then they were ground up, suspended in diluent, 
and tested for the presence of active RP or 7N by subinoculation on eggs 
and into the skin of the rabbit. Results were uniformly negative, whereas 
the control groups of eggs inoculated with heated RP or 7N and ectro-| 
melia virus gave the expected positive results. Details of the agents 
tested and the procedure used are shown in Table 4.
DISCUSSION
These experiments demonstrate that heat-inactivated vaccinia virus 
can be reactivated by all the active poxviruses tested: by one-step 
mutants of the inactivated viruses, by other members of the vaccinia- 
variola subgroup, and by various serologically unrelated poxviruses, 
such as myxoma, fibroma, contagious pustular dermatitis, and fowlpox. 
On the other hand, all our attempts to reactivate heated poxviruses by 
active viruses of other groups were unsuccessful.
With other viruses no evidence of reactivation of the heat-inactivated j 
component has been obtained with influenza, poliovirus, or herpes 
simplex. Fazekas de St. Groth (personal communication, 1959) carried 
out tests with several dilutions of both reagents, but found no evidence' 
of reactivation of either influenza A (PR8) or influenza B (LEE) by the 
heterologous virus after heating at 5(i° for 80, 00, or 120 minutes. 
Infectivity was reduced to less than 10~9 by the shortest period of 
heating. With poliovirus, Howes (personal communication, 1959) failed 
to demonstrate reactivation of poliovirus type 1 heated at 50° for 1 hour 
(with a reduction of infectivity of 10 ') by active poliovirus type 2. 
With herpes simplex virus we failed to reactivate heated HFEM (which 
produces relatively large pocks on the CAM) with an active preparation 
of a recently isolated strain of herpes virus that produced minute pocks. I
Although reactivation has not been observed with influenza virus, 
recombination between heated and active influenza A virus strains has , 
been reported (Burnet and Lind, 1954; Lind and Burnet, 1957; Frazer, 
1959). Ribonucleic acid is much less heat-resistant than deoxyribonucleic 
acid, so that, heat inactivation may always damage the genome too greatly
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for reactivation, although marker rescue by closely related strains may
occur.
As we pointed out previously (Fenner et al., 1959) reactivation is a 
more suitable term than “transformation” to describe this phenomenon. 
In bacterial genetics, transformation has been defined as the heritable 
modification of the properties of one bacterial strain by an extract 
derived from the cells of another strain. Analysis of “reactivated” pocks 
produced after the addition of agents as diverse as vaccinia, ectromelia, 
fibroma, and fowlpox showed that in all cases many pocks contained 
virus particles indistinguishable from the heat-inactivated agent in the 
several characters tested. It is much simpler to regard this as a conse­
quence of the reactivation of the heated agent than as the “transfor­
mation” of each of these different active viruses into something indis­
tinguishable from the heat-inactivated virus. As yet, however, we have 
no evidence to indicate whether reactivation is a consequence of genetic 
interaction or of some nongenetic mechanism.
It is probable that reactivation of any suitably heat-inactivated 
poxvirus can be effected by any other active poxvirus, but this may be 
difficult to demonstrate unless the active agent is rapidly overgrown by 
the reactivated agent. Thus although myxoma virus reactivated vaccinia 
virus very efficiently, attempts to reactivate heated myxoma virus with 
active vaccinia virus in tissue cultures (Kilham, 1959) or on the CAM, 
were unsuccessful. On the CAM, and in tissue culture, vaccinia grows 
much more rapidly, and to much higher titer, than does myxoma virus. 
The negative results obtained in mass cell cultures or in experimental 
animals are presumably due to overgrowth of reactivated myxoma 
virus by vaccinia, with consequent interference. By contrast, myxoma 
virus always outgrows fibroma and squirrel fibroma viruses in tissue 
culture, so that within this group reactivation of heated myxoma is 
readily demonstrated; reactivation of heated fibroma by active myxoma 
is difficult or impossible to recognize.
The experiments described in this paper reveal the whole range of 
poxviruses as suitable agents for the experimental investigation of 
reactivation, allowing a wide choice in the selection of the agents, or 
combinations of agents, best suited for particular purposes. Thus, the 
assay procedures described in the previous paper (Joklik et al., 1960a) 
and extensively used in the succeeding paper (Joklik et al., 1960b) are 
based on the high efficiency of reactivation of heated vaccinia virus by 
ectromelia and the rapid overgrowth of the reactivating ectromelia by 
the reactivated vaccinia virus.
In the course of experiments upon reactivation recombinants were
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obtained from all combinations within the vaccinia-variola group 
(homoreactivation), but not from heterologous pairs. Recombinants 
between rapidly growing viruses like vaccinia and slowly growing viruses 
like ectromelia are much more easily obtained using heat-inactivated 
vaccinia than with both viruses in the active form. The recombinants 
found in the current experiments are described elsewhere (Woodroofe 
and Fenner, 10(50).
Reactivation may be used as a taxonomic tool. All the viruses that 
have been regarded as members of the poxvirus group on other grounds 
(Fenner and Burnet, 1957) participate in reactivation, and on this 
basis they are justifiably regarded as members of one large group of 
viruses. It would be of value to extend this criterion to other viruses 
which on morphological grounds have been described as poxviruses, 
such as molluscum contagiosum and various animal “poxviruses.”
Addendum
Since the preparation of this paper H. Hanafusa, T. Hanafusa, and 
J. Kamahora [Biken’s J . 2, 85-91 (1959)] have independently reported 
results in complete agreement with our own. They found reactivation 
to be a general phenomenon among the poxviruses and showed that 
viruses of other groups were unable to produce reactivation of heat- 
inactivated poxviruses.
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D uring experim ents on reactivation  of heat-inactiva ted  poxviruses, seven 
clones of virus were recovered which appeared to  be hybrids between tlj j 
two types of poxvirus used. H ybrids were recognized only w ith  viruses bt.? 
longing to  the same subgroup. W ithin th e  vaccinia subgroup hybridizatioJ 
appeared to  be more common w ith the more closely related  viruses.
A probable hybrid  was recovered from  a reactiva tion  experim ent wit! 
myxoma and fibroma. The difficulties of using virulence as a genetic marke 
are stressed.
IN TRO D U C TIO N
The major aim of our current work on poxvirus genetics is to develo] 
a system which can be used for a quantitative study of recombination 
For this purpose the u mutants of rabbitpox virus (Gemmell and Fenner,; 
1960), some of which, in pairwise crosses, recombine to produce will 
type', currently furnish the most suitable material.
It is also of interest to know what range of parental types can give 
rise to viable hybrids. Observations made during recent experiments oi 
the reactivation of heat-inactivated poxviruses (Fenner and Woodroofe 
1960) furnished some information on this point. The present paper 
describes in detail hybrids recovered both during these experiments anl 
from other experiments made with various combinations of poxviruses
M A TERIA LS AND M ETHODS
Except where noted, virus clones described in this paper were obi 
tained from the experiments on reactivation described by Fenner and' 
Woodroofe (1960).
Particulars of the origins of the strains of virus used were published 
there; the abbreviations by which they will be designated are set out bf 
Table 1.
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TABLE I
T he P h en otypic  C haracters" of  V i r u s e s  of  t h e  Vaccinia  S ubgro u p
Virus Abbreviation Phenotypic characters''
R a b b itp o x RP U+ A T+ V(M+ R+)
Dermal vaccinia 7N u A+ T V (M R)
Red cowpox CPR u + A+ T+ V (M R+)
White cowpox CPW u A+ T ‘ V (M R)
Ectromelia Moscow ECT-M Um A+ T V(M+ R°)
Ectromelia Pittsburgh ECT-P Um A+ T V (M‘ R°)
Myxoma Lausanne MYX — 4
Fibroma Boerlage FIB —
« See Fenner (1959).
b The pock of CPR, though hemorrhagic and ulcerated (U+) differs consider­
able from that of IIP (see illustrations in Fenner, 1958).
The pock of CPW is nodular and nonulcerated (U) but develops more slowly 
than that of 7N. The heat resistance is intermediate between that of RP and 7N.
Ectromelia strains produce minute nonulcerated pocks on the CAM, scarcely 
visible until the third day. Um = minute, nonulcerated pock. Heat resistance is 
much lower than that of 7N, no infective virus being found after 40 minutes at 
55° (drop in titer, 108 PFU). ECT-M is highly lethal after the peripheral inocula­
tion of small doses of virus into mice; ECT-P is pathogenic, but much less viru­
lent. Ectromelia virus fails to produce a lesion in the rabbit skin (R°) after the 
inoculation of standard doses of virus (105 PFU).
Selection of virus clones and their purification followed the methods 
described earlier (Fenner, 1959), and characters were tested by the 
methods described in Fenner and Comben (1958). Symbols for pheno­
typic characters follow Fenner (1959) with modifications necessitated 
by the use of viruses other than RP and 7N, for which these symbols 
were originally designed.
Tissue cultures. Monolayers of HeLa cells and chick embryo fibro­
blasts were grown as in a previous study by Gemmell and Fenner (1960). 
Monolayers of rabbit kidney cells were grown as described by Kilham 
(1958).
TERMINOLOGY
The poxvirus group can be divided into several subgroups, each of 
which contains one or more species. Thus the vaccinia subgroup in­
cludes vaccinia, variola, cowpox, and ectromelia viruses; and the 
myxoma subgroup, myxoma, fibroma, and squirrel fibroma. All species 
belonging to a subgroup are closely related serologically. The exact
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status of the Dutch strain of rabbitpox virus is uncertain (M oeljonJ 
1958), but for the present it will be regarded as a variety of v a c c i i J  
virus, not as a distinct species within the vaccinia subgroup.
Viable products of genetic exchange between different species of p^, 
virus will be called hybrids; in keeping with previous reports (Kennet 
and Comben, 1958; Fenner, 1959), hybrids between varieties of o J  
species will be called recombinants.
Definitions used in reactivation experiments have been set out pre­
viously (Joklik et cd., 19(»0; Fenner and Woodroofe, 1990).
E X P E R IM E N T A L  RESULTS
Material from Experiments on Reactivation of Heated Rabbitpox (H-RP] 
by Dermal Vaccinia (7N)
RP and 7N have been used extensively in previous experiments on 
recombination (Fenner and Comben, 1958; Fenner, 1959) and reactiva­
tion (Joklik et cd., 1960). In the present experiments mice were inoculated 
intracerebrally with a mixture of H-RP (107 particles, originally 101 
PFU) and 7N (10B particles, 10“ PFU). Figure 1 shows the growth
leafed RP
active 7N
o • white pocks
®x red
48
hours
F ig . 1. G rowth curve of active R P  and active 7N in mouse brain , a fte r the 
in tracerebral inoculation of 106 PFU ; and of virus produced after the intracerebral 
inoculation of heat-inactiva ted  R P  (107 particles, originally 106 PFU ) and active 
7N (10s PFU ). The la tte r  included reactivated  RP and recom binants between 
R P  and 7N.
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.>■ of U and U+ pocks in such brains, and those obtained after the 
'ntracerebral inoculation of 106 PFU of RP or 7N alone.
" j/jieh day from the first to the seventh, selected pocks on CAM used 
f ,r the  growth curve experiment were picked off by needling and the 
■loiies 0f virus thus obtained were tested for their biological char- 
|(i(prs \fter the first day, there was a selection of strains of high mouse 
virulence, either reactivated RP or recombinants between 7N and RP, 
|()|. these multiplied to a much higher titer than 7N (Fig. 1). In addition 
id th irteen  clones of reactivated RP, twenty-nine clones falling into 
thirteen different recombinant phenotypes were recognized.
T h irty -tw o  clones were obtained directly by needling pocks which 
appeared on CAM inoculated with H -RP (108 particles, originally 
107 PFU) and 30 PFU of 7N. Eleven had all the characters of RP, 7 
all the characters of 7N, and the other 14 were recombinants. Eleven 
different types of recombinant phenotype were recognized.
Monolayers of HeLa cells (105 cells on the bottoms of small flat- 
bottomed tubes) were infected with H-RP (109 particles, originally 
10* PFU) and 7N (10s particles, 107 PFU). At various intervals after 
adsorption tubes were removed, frozen and thawed, treated for 30 
seconds with a Milliard ultrasonic drill and titrated after heating at 
55° for 15 minutes (to reduce the concentration of parental 7N). Forty- 
seven clones obtained from tubes incubated for 8-60 hours included 26 
recombinants. Reactivated RP was first found 10 hours after inocula­
tion; during the next 2 hours the titer of reactivated virus and of re­
combinants rose a hundredfold.
TABLE 2
Occurrence  o f  R e c o m b i n a n t s  a n d  P a r e n t a l  P h e n o t y p e s  a m o n g  121 C l o n e s '*
Phenotypes CAM experi­ment
Mouse brain 
experiment
Tissue culture 
experiment
hive parent (7N): U pock 7 i 7
H eat-inactivated p a re n t: U+ pock 11 13 14
U Pock recom binants 5 17 17
U1 Pock* recom binants 6 5 4
1 + Pock recom binants 3 6 5
° The clones were recovered d irectly  from CAM inoculated  w ith H -R P  and 7N, 
bom mouse brains inoculated  w ith H -R P and 7N and then  p lated  on CAM, and 
bom cultures of H eLa cells inoculated w ith H -R P  and 7N and then  p lated  on
CAM.
6 U1 pocks =  w hite pocks w ith hemorrhagic center.
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Mixed infections of HeLa cells, mouse brain, or CAM with H-lfp 
and 7N yielded many recombinants, and a variety of characters were 
exchanged. Details of the phenotypic characters are omitted from thisl 
paper since they were similar in many respects to those described earlier 
(Fenner, 1959). U+ recombinants were found with about the same fre- 
quency as U1 and U recombinants, in contrast to their rarity in earlier 
experiments with active RP and 7N.
Analysis of the total yield of HeLa cells mixedly infected with large 
doses of H-RP and 7N showed that reactivated virus indistinguishable 
from RP could be detected 10 hours after addition of the virus suspen-j 
sion to the cell monolayers, and recombinants appeared at about the 
same time. The titer of both the reactivated virus and the recombinants 
rose a hundredfold during the next 2 hours.
Material from Experiments on Reactivation of Heated Rabbitpox (H-RP) 
bp Cowpox (CPW)
In order to simplify the recognition of reactivation of H-RP by cow- 
pox virus the white variant CPW was used. Two days after the inocula­
tion of CAM with H-RP (108 particles, originally 107 PFU) and 20 
PFU of CPW, eleven pocks were sampled by needling and the virus 
clones were characterized as before (Table 3). Five were hybrids, four 
of U, and one of U+, pock type. Characters exchanged included hemag-
TABLE 3
D e t a i l e d  A n a l y s i s  o p  24 C l o n e s  R e c o v e r e d  D i r e c t l y  f r o m  CAM I noculated 
w i t h  H -R P a n d  CPW ; a n d  f r o m  M o u s e  B r a i n s  I n o c u l a t e d  w i t h  
H -R P a n d  CPW a n d  S u b i n o c u l a t e d  on  t h e  CAM 4 D a y s  L a t e r
Phenotypes“ CAM experiment Mouse brain experiment
u A+ T i V (M R ): CPW i 2
U+ A T+ V (M+ R +) : R P 6 6
u A T ' V (M ‘ R ) 1 —
u A T ‘ V(M+ R ) 1 1
u A T+ V (M + R ) — 1
u A+ T+ V(M+ R ) — 1
u A+ T+ V (M + R +) 1 —
U+ A+ T' V (M+ R +) 1 —
U+ A T+ V(M+ R' ) — 1
U+ A T' V (M+ R +) — 1
“ Symbols boldface indicate the occurrence of characters not associated with! 
pocks of th e  type  shown in the paren ta l m aterial.
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lutjjjin production, heat resistance, mouse virulence, and rabbit
virulence.
Reactivation of H-RP and the production of hybrids also occurred in 
■ e mouse brain. Mice were inoculated intracerebrally with H-RP 
(|07 particles, originally I O'1 PFU) and CPW (105 PFU). Brain suspen- 
sions harvested 4 days later were inoculated on the CAM, and 13 pocks 
were sampled. Five of these were hybrids (Table 3). Clones with the 
combination of characters UA (i.e., nonulcerated pocks, no hemag- 
olutinin) of which there were three, could be u mutants of RP, although 
the chance of finding such a high proportion of u mutants among re­
activated H-RP particles would be small. In addition, each of the three 
clones had other characters probably derived from the cowpox parent
(TS R).
Thus using a white variant of cowpox virus, hybridization was 
demonstrated between cowpox and rabbitpox viruses. Several char­
acters were exchanged, and hybrids (as well as reactivated RP) were 
recovered from mouse brain as well as the CAM.
Material from Experiments on Reactivation of Heated Rabbitpox (H-RP) 
by Ectromelia (.ECT-M and ECT-P)
Experiments similar to those just described were set up on the CAM 
with ECT-M as the active agent and in the mouse brain with active 
ECT-P. The recovery of U pocks from the inoculated CAM was much 
more difficult than in the previous experiments because of their minute 
size. However 20 U+ and 8 U pocks were sampled and characterized, 
with the results shown in Table 4. None of these was unequivocally a 
hybrid, for clones with II pocks and similar combinations of the other 
characters have previously been recognized among the u mutants of 
RPu+ (Gemmell and Fenner, I960).
Five clones were obtained from CAM inoculated with mouse brain 
suspension 3 days after the inoculation of H-RP and ECT-P. Three of 
these were reactivated RP; the other two, of U+ pock type but avirulent 
from rabbits, were clearly hybrids.
Small doses of all except those exhibiting all the characters of RP 
were inoculated into the footpads of mice. The five classified in Table 4 
as ectromelia all produced typical foot swelling and liver lesions, whereas 
none of the others produced such symptoms.
The slow growth of ectromelia on the CAM made recovery of ectro- 
nielia and hybrid clones more difficult than in the crosses described 
earlier. Nevertheless a few clones which are probably correctly classed
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TABLE 4
D e t a il ed  A nalysis  o f  33 C lo n es  R ec overed  D irectly  from  CAM I noculated 
w it h  E LR P and  E C T -M ;  and  from  M ouse  B r a in s  I noculated  w ith  
H - R P  AND ECT-P AND Sl'BINOCUDATED ON THE CAM 3 DAYS L aTER
Phenotypes CAM experiment Mouse brain experiment
U" A+ T V (M+ R°):ECT 5 —
U+ A T+ V(M+ R+):R P 20 3
u A T+ V(M+ R+) 1 —
u A T+ V (M R ) 1 —
u A T+ V(M+ R‘) 1 —
U+ A T+ V(M+ R ") — 1
U+ A T' V(M+ R°) — 1
as hybrids were recovered from mixed infection experiments involving 
heated rabbitpox and active ectromelia viruses.
Material from Experiments on Reactivation of Heated Cowpox ( H-CPR )
by Ectromelia {ECT-M and ECT-D)
Downie and MacDonald (1950) showed that ectromelia and cowpox 
were serologically more closely related to each other than to other 
poxviruses. Because of the difficulty of recovering recombinants from 
H-RP and ECT, similar types of experiment were carried out on the 
CAM and in the mouse brain with H-CPR and ECT. The distinguishing 
characters tested were pock type, plaque type on chick embryo fibro­
blasts, and type of lesion produced in the rabbit skin. On chick fibro­
blast monolayers CPR produces large plaques with an irregular edge, 
best seen on the fifth day after inoculation, white (w) variants of CPR 
produce smaller plaques with well-defined edges, clearly visible on the 
fourth or fifth day, and ectromelia produces a moderate-sized plaque 
with a central “pimple.”
Fourteen isolates from CAM and seven from mouse brain inoculated 
with H-CPR and ECT-M were examined, with the results shown in 
Table 5. Judging from these characters and others not recorded in 
Table 5 seven of the clones recovered directly from the CAM were 
reactivated CPR and three were ECT-M. The four clones characterized 
by large U pocks, nodular lesions on the rabbit skin, and moderate-sized 
plaques on chick embryo fibroblasts could not be distinguished from 
white variants of cowpox, which occur with a frequency of about 1 % 
in most clones of CPR. However, the seven clones characterized by 
small U+ pocks, large or small plaques on chick embryo fibroblasts, and
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TABLE 5
Properties of  21 C lo n es  R ecovered  D irectly  from CAM I noculated  w it h  
H-CPR and  ECT-M; and from  M o u s e  B rains  I noculated  
WITH H-CPR AND ECT-I)
Clones studied
Appearance of 
plaque on chick 
embryo fibroblastsOrigin
N
um
be
r Pock type Reaction in rabbit skin Diagnosis
CAM 7 Large U+ Large, irregular 
edges
Large, hem­
orrhagic
CP-R
3 Minute U Moderate, cen­
tra l “pimple”
Nil ECT-M
3 Large U Moderate, regu­
lar edges
Nodular Hybrids, or u 
m utants of 
CP-R
i Small U+ Large, irregular 
edges
Nodular Hybrid
Mouse 6 Small U+ Very small Nodular Hybrids
brain then 
CAM
1 Large U Moderate, regu­
lar edges
Nodular Hybrid or u 
m utant of 
CP-R
nodular lesions on the rabbit skin were clearly distinguishable from 
CPR, ECT, and the white variants of CP; and may reasonably be re­
garded as hybrids between cowpox and ectromelia viruses.
THE MYXOMA SUBGROUP
Kilham (1958) has shown that heat-inactivated myxoma (H-MYX) 
can be reactivated by either rabbit or squirrel fibroma virus.
At present we are concerned with attempting to find out whether 
viable hybrids between fibroma and myxoma can occur. This is made 
difficult by the paucity of markers, rabbit virulence being the only 
character on which reliance can be placed, and by the difficulty of 
recovering clones of virus because of the inadequacy of the plating 
method. The procedure adopted was the following. Myxoma Lausanne, 
which is invariably lethal in laboratory rabbits, with a mean survival 
time of 12 days after the intradermal injection of small doses of virus 
(Fenner and Marshall, 1957), was heated at 60° for 12 minutes. This 
completely destroyed its infectivity. Fibroma Boerlage was used as the 
active agent.
A mixture of H-MYX (106 7 PFU before heating) and FIB (106
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TABLE 6
T h e  R e s u lts  of  I noculating  in to  R a bbits  S u s p e n s io n s  C o n t a in in g  S i n g h  
P ocks D e r iv e d  from  C A M  I noculated  w it h  M a t e r ia l  from  R a b b it  K idney 
T is s u e  C u l t u r e  W hich  H ad B e e n  I noculated  4 and  6 D ays E a r l ie r  with 
H -M Y X  and  F I B
No virus present Fibroma only Myxoma-Lausanne Myxoma of reduced virulence
i i 4 37 i
IDso) was inoculated into small bottles containing monolayers of rabbit 
kidney cells. Four and 0 days later monolayers were frozen and thawed 
and the cells disrupted by sonic treatment. Assay on the CAM yielded 
10:i 7 myxoma pocks per milliliter. Fifty-three single pocks were cut out, 
ground up, and inoculated into rabbits, with the results shown in Table 
6. The occurrence of unmodified fibroma in a few rabbits, no reaction in 
several others, and rapidly lethal myxomatosis of Lausanne type in the 
majority, showed that plating of the contents of the tissue culture bot­
tles on the CAM and the subsequent selection of single pocks avoided 
the production of “fibromyxoma,” as described by Kilham (1958).
One rabbit survived for 80 days, a situation without precedent in our 
extensive experience with myxoma Lausanne. Subinoculation of small 
doses of virus obtained from this animal into fifty-one other rabbits 
showed that this isolate was indeed of slightly reduced virulence (mean 
survival time 16.3 days; range 11-34 days). It could be either a mutant 
of myxoma or a hybrid between myxoma and fibroma viruses.
D IS C U S S IO N
The present report shows that viable hybrids can be produced under 
conditions that allow mixed infections of cells with several different 
pairs of members of the vaccinia subgroup. The recognition of clones as 
hybrids is sometimes rendered difficult by the similarity of some of them 
to u mutants of rabbitpox and cowpox viruses, in experiments in which 
the latter viruses were used.
The paucity of satisfactory marker characters makes genetic work 
with viruses like ectromelia, fibroma, and myxoma, almost impossible. 
The difficulties presented by the use of virulence as a marker is evident 
from the experiment with myxoma and fibroma. It is not even certain 
that the one slightly attenuated strain of virus recovered from this 
experiment was a myxoma-fibroma hybrid, for it could equally well be 
a myxoma mutant of slightly reduced virulence. The fact that Berry
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(1938) obtained two myxoma strains of reduced virulence from experi­
ments comparable to those we have reported makes it somewhat more 
likely that hybridization rather than mutation was responsible, but the 
inadequacy of marker characters makes it impossible to distinguish 
between these alternatives.
Myxoma and fibroma viruses readily reactivate heat-inactivated 
viruses of the vaccinia subgroup (Fenner and Woodroofe, 1960), but 
characterization of some sixty clones obtained from such experiments 
with H-RP and H-7N failed to yield any which could be recognized as 
other than reactivated RP or 7X.
We have already shown (Fenner and Woodroofe, 1960) that all 
tested viruses currently regarded as members of the poxvirus group can 
participate in reactivation, although unpublished experiments wit h 
“monkey tumour poxvirus” of Bearcroft and Jamieson (1958) have 
given negative results. Hybridization appears to be much more common 
with closely related viruses, such as RP and 7N, than with more dis­
tantly related viruses like RP and ectromelia; and to occur rarely if at 
all with serologically unrelated viruses like RP and myxoma. However, 
the experiments described are in no sense quantitative and major 
technical difficulties currently render attempts at quantitation unprof­
itable. All we can record is the impression that hybridization between 
two varieties of vaccinia (RP and 7N) is common, between rabbitpox 
or cowpox and ectromelia rare, and between vaccinia and myxoma 
very rare, if possible. It is probable that viable hybrids can be derived 
from myxoma-fibroma crosses.
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SUMMARY
The s e ro lo g ic a l r e la t io n s h ip s  b e tw een  s e v e ra l  m em bers of 
th e  poxvirus group w ere in v e s t ig a te d  by a v a r ie ty  of te c h n iq u e s ,  
in c lu d in g  c o m p le m e n t-f ix a tio n , g e l-d if fu s io n  and ring  p re c ip i ta t io n ,  
hem ag g lu tin in  in h ib it io n , pock  and p laq u e  n e u tra liz a tio n  and  s ta in in g  
w ith  f lu o re s c e in -c o u p le d  a n tib o d y .
The e x is te n c e  of c lo s e  re la t io n s h ip s  b e tw een  v a c c in ia ,  
cow p o x , ra b b itp o x  and ec tro m e lia ; and b e tw een  myxoma and  fibrom a; 
w as co n firm ed . No c ro s s in g  co u ld  be  d em o n stra ted  b e tw een  th e s e  
su b g ro u p s , or b e tw een  e ith e r  of them  and fow lpox or m onkey tum our 
p o x v iru s , e x ce p t w hen an a lk a l in e  e x tra c t  of v a c c in ia  or myxoma 
v iru s e s  (the ” NP a n tig e n “ ) w as u s e d .  The “ NP a n tig e n "  a p p e a rs  
to  co n ta in  a group a n tig e n  common to  a l l  v iru s e s  of th e  p o x v iru s g ro u p .
In ad d itio n  to  fix ing  com plem ent and  p re c ip ita tin g  w hen te s te d  a g a in s t  
both  hom ologous and  h e te ro lo g o u s  ■ NP a n tig e n s"  , a n t is e ra  to  th e  
" NP an tig e n "  of v a c c in ia  and  myxoma n e u tra liz e d  th e  hom ologous bu t 
not th e  h e te ro lo g o u s  v iru s ,  w hen te s te d  by pock and p laq u e  n e u tra l iz a t io n  
t e s t s .
INTRODUCTION
It i s  g e n e ra lly  b e lie v e d  (D ow nie and D um bell, 1957; F en n er 
and B urnet, 1957; M ayr, 1959) th a t th e  poxv iru s g roup c o m p rise s  s e v e ra l
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su b g roups of s e ro lo g ic a lly  re la te d  v iru s e s  and s e v e ra l v iru s e s  w hich  
a re  s e ro lo g ic a lly  u n re la te d  to  e ac h  o th e r or to  m em bers of th e  su b ­
g ro u p s . R ec e n tly , h o w ev er, T ak ah ash i e t a l . (1959a) c la im ed  th a t th e re  
w ere s trong  c ro s s - r e a c t io n s  b e tw een  m em bers of th e  th re e  m ajor su b ­
groups (v a c c in ia -v a r io la ,  fo w lp o x , m yxom a-fib rom a), d em o n strab le  
by co m p lem en t-fix a tio n  t e s t s  and  f lu o re sc e n t an tib o d y  s ta in in g .  This 
c la im  d e riv e s  s p e c ia l  s ig n if ic a n c e  from the  d em o n stra tio n  th a t r e a c ­
tiv a tio n  of h e a t- in a c t iv a te d  p o x v iru se s  i s  a g e n e ra l phenom enon 
th roughou t th e  poxv irus group (H anafusa  e t a l . 1959; F enner and 
W oodroofe , 1960), and  can  be p roduced  by a p o xv iru s w hich  is  i t s e l f  
in a c t iv a te d  by n itro g en -m u sta rd  (Joklik e t a l . 1960).
U sing c o n v a le s c e n t a n tis e ra  and  in ta c t  v iru s  a n d /o r  th e  so lu b le  
a n tig e n s  no su ch  s e ro lo g ic a l c ro s s - r e a c t io n s  w ere fo u n d . H o w ev er, a 
group an tig e n  w hich  re a c te d  w ith  a n tis e ra  to  a w ide v a r ie ty  of p o x v iru se s  
w as o b ta in ed  from v a c c in ia  and myxoma v iru se s  by a lk a l in e  e x tra c tio n  
of th e  v iru s  p a r t ic le s .
MATERIALS AND METHODS
V iru s . The v iru s  s tra in s  u se d  and th e ir  o rig in s  h av e  b een  
d e sc r ib e d  p rev io u s ly  (Fenner and W oodroofe , 1960) w ith  th e  e x c e p tio n  
of cow pox-A m sterdam -w hite  (F enner, 1958) and m onkey tum or p o xv iru s 
(B earcroft and Jam ieso n , 1958).
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A n tis e ra . C o n v a le sc e n t s e ra  w ere o b ta in ed  from ra b b its  
w hich  had re c o v e re d  from in fe c tio n  w ith  v a c c in ia ,  co w p o x , myxoma 
and fibrom a v i r u s e s ,  and from a m onkey in fe c te d  w ith  m onkey tum or 
p o x v iru s . E ctrom elia  a n tis e ra  w ere o b ta in ed  from c o n v a le s c e n t  
m ice and fow lpox a n tis e ra  by h y p erim m uniza tion  of fo w ls .
V acc in ia  an ti-L S  serum  w as o b ta in e d  from ra b b its  h y p e r-  
im m unized w ith  LS an tig en  (S hed lovsky  and  S m adel, 1942). V acc in ia  
a n ti-N P  and  myxoma a n ti-N P  se ra  w ere p rep a red  in  ra b b its  h y p e r-  
im m unized w ith  th e  a p p ro p ria te  “ NP a n t ig e n s ” (Sm adel e t a l .  1942). 
In th e s e  c a s e s  ra b b its  w ere g iv en  an in i t ia l  in tra m u sc u la r  in o c u la tio n  
of 1 ml of a n tig e n  m ixed w ith  an eq u a l volum e of Freund* s co m p le te  
a d ju v a n t, fo llow ed  40 d ay s  la te r  by an  in tra v e n o u s  or in tra m u sc u la r  
in je c tio n  of 1 ml of th e  a n tig e n  a lo n e .  Serum w as o b ta in e d  3 , 5  and  
7 d ay s  a fte r  th e  l a s t  in o c u la tio n .
A ntiserum  to  myxoma v iru s  w as a ls o  p rep a red  a s  d e sc r ib e d  
by T ak ah ash i e t a l . (1959b). Two ra b b its  w ere in o c u la te d  in tr a p e r i-  
to n e a lly  w ith  a 10% s u sp e n s io n  of th e  s ta n d a rd  la b o ra to ry  s tra in  of 
myxoma v iru s  p rep ared  from tum or t i s s u e .  This w as U V -irrad ia ted  for 
20 , 10 , 5 and th en  2 m inu tes u s in g  a 15 w UV lam p a t  a d is ta n c e  of 
10 c m . ,  and 1 ml d o s e s  w ere g iv en  a t w eek ly  in te r v a ls .  A ctive v iru s  
(0 .5  ml of a 1 /100  d ilu tio n , c o n ta in in g  5 ,0 0 0  pfu) w as g iv en  in tr a ­
v en o u sly  a f te r  a fu rth e r 10 d a y s .  One ra b b it d ied  w ith  s ig n s  of m odi-
IV
fied  g e n e ra l iz e d  in fe c t io n  a f te r  th e  th ird  d o s e  (UV for 5 m in u te s ) ,  
th e  o ther show ed  no sy m ptom s. Serum w as o b ta in ed  two w eek s  a f te r  
the  l a s t  in o c u la t io n .
D r. E .L . French k in d ly  p rov ided  p re - in o c u la t io n  and  c o n v a l ­
e s c e n t  s e ra  from c a t t l e  e x p e r im en ta l ly  in fe c te d  w ith  bov ine  p ap u la r  
s to m a t i t i s  v i r u s .
A n tig e n s . C o n flu en t  c h o r io a l la n to ic  m embrane (CAM) p rep ­
a ra t io n s ,  ground in  a p e s t l e  and  m ortar w ith  f r e e z in g ,  s u sp e n d e d  in  
1 ml ca lc iu m  m agnesium  s a l in e  per CAM and spun  free  of s e d im e n t ,  
w ere  u s e d  a s  a n t ig e n s  for th e  com plem ent f ix a t io n ,  g e l  d iffu s io n  
p re c ip i ta t io n  and h e m a g g lu t in in - in h ib i t io n  t e s t s .
E x trac tion  of 1 NP1 Antigen from V acc in ia  and  Myxoma V iruses
Potent s u s p e n s io n s  of v a c c in ia  and myxoma v i ru s e s  were 
p repared  by s c a r i f ic a t io n  of sh a v e d  r a b b i t s . After p re lim inary  c l a r i ­
f ic a t io n ,  the  s u s p e n s io n s  w ere cen tr i fu g e d  a t  12 ,0 0 0  rpm for 15 m in­
u t e s .  The su p e rn a ta n ts  c o n s t i tu te d  th e  ' s o lu b le  a n t ig e n s '  u s e d  in  
ring p re c ip i t in  t e s t s ,  and the  s e d im en t  w as r e s u s p e n d e d  in  d i lu te  
M c l l v a in e 's  bu ffe r ,  t re a te d  w ith  an  u l t r a s o n ic  d r i l l  for one m inu te , 
and f re e z e  d r ie d .  The dried  pow der w as e x t ra c te d  w ith  e th y l e th e r ,  
reh y d ra ted  in  d i s t i l l e d  w a ter  o v e rn ig h t ,  and  e x tra c te d  w ith  N NaOH 
a t  56° for 15 m in u te s .  I t  w as th en  p a r t ia l ly  n e u tra l iz e d  w ith
V.
N /2  HCl and  c en tr ifu g e d  a t 3 0 ,0 0 0  rpm for 30 m in u te s . The w a te r 
c le a r  s u p e rn a ta n t flu id  w as b rought to  pH 9 .0  w ith  N /2  HC1 and  
d ia ly s e d  o v e rn ig h t a g a in s t  M /100  b o ra te  bu ffer a t pH 8 . 6 .  This 
c o n s t i tu te d  th e  ' NP' a n tig e n  of Sm adel e t a l . (1942).
C o m p le m e n t-f ix a tio n . C o m p lem en t-fix a tio n  t e s t s ,  u s in g  th e  
drop te c h n iq u e  of D o n n e lley  (1951), w ere s e t  up w ith  a n tig e n s  a t a 
d ilu tio n  of 1 : 8 , a ran g e  of s e r ia l  tw o -fo ld  d ilu tio n s  of in a c t iv a te d  
a n t is e r a ,  and 3 M . H . D .  of co m p lem en t. C om plem ent w as fix ed  
o v e rn ig h t a t 4 ° , th e  in d ic a to r  sy s tem  of 3% s e n s i t iz e d  red  c e l l s  w as 
a d d e d , and  th e  com plem ent fix ing  t i te r s  w ere de te rm in ed  a f te r  l/Z  hour 
a t  3 7 ° . The t i t e r s ,  e q u iv a le n t to  th e  50% ly s is  e n d -p o in t, a re  
e x p re s s e d  a s  r e c ip ro c a ls .  A ppropriate  c o n tro ls  in c lu d in g  norm al 
se ra  from the  v a rio u s  an im a ls  u s e d , and  a n tig e n  p rep ared  from norm al 
c h o rio aU an to ic  m em b ran es , w ere a lw ay s  in c lu d e d . N e ith e r d ire c t  
c o m p le m en t-f ix a tio n  nor c o m p le m en t-f ix a tio n  in h ib itio n  t e s t s  w ere 
a ttem p ted  w ith  th e  fow l a n t is e r a .
P re c ip i ta t io n . G el d iffu s io n  p re c ip ita tio n  t e s t s  w ere done 
in  p la te s  u sing  th e  m ethod of M an si (1957). A n tisera  w ere u se d  u n ­
d ilu te d  and  u n h e a te d . A ntigens w ere u s u a lly  u n d ilu te d  p re p a ra tio n s  
of c o n flu e n t c h o rio a lla n to ic  m em branes, bu t p ie c e s  of in fe c te d  m onkey 
tum or p o x v iru s  t i s s u e  w ere a lso  u s e d .  P la te s  w ere le f t  a t room tem p­
e ra tu re  and  p re c ip itin  b an d s a p p ea re d  w ith in  24 h o u rs . Norm al t i s s u e s ,
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u n in fe c te d  c h o r io a lla n to ic  m em branes and  norm al se ra  w ere in c lu d e d  
a s  c o n t r o ls .
Ring p re c ip itin  t e s t s  w ere c a rr ie d  ou t w ith  th e  's o lu b le ' and  
'N P ' a n tig e n s , acco rd in g  to  s ta n d a rd  p ro c e d u re . U n d ilu ted  ic e - c o ld  
an tise ru m  in  c a p il la ry  tu b e s  w as o v e rla id  c a re fu lly  w ith  th e  ap p ro p ­
r ia te  a n tig e n s  w arm ed to  3 7 ° . The in te r fa c e  w as ex am in ed  for 
p re c ip itin  rin g s  a f te r  s ix  hours a t 4 ° , th e  r e s u l t  sco red  acco rd in g  to  
th e  d e n s ity  of th e  p re c ip i ta te .  A ppropriate  serum  and  a n tig e n  c o n ­
tro ls  w ere a lw ay s  in c lu d e d .
H em agg lu tin in  in h ib i t io n . S e ria l tw o -fo ld  d ilu tio n s  of a n t i ­
s e ra  w ere te s te d  for an tih e m ag g lu tin in  a c t iv i ty  a g a in s t  v a c c in ia -  
L ed e rle -7 N  u s in g  th e  m ethod d e s c r ib e d  by F enner (1958). P a rtia l 
a g g lu tin a tio n  w as ta k en  a s  the  end  p o in t.
N e u tra l iz a t io n . V a cc in ia , myxoma and  fow lpox  a n t is e ra  w ere 
u s e d  in  n e u tra liz a tio n  t e s t s .  T h ese  w ere c a rr ie d  ou t by th e  pock  c o u n ­
tin g  m ethod on th e  c h o r io a lla n to ic  m em brane of th e  d ev e lo p in g  c h ick  
em bryo or by p laq u e  co u n tin g  on c h ic k  f ib ro b la s t  m o n o la y e rs . U n d il­
u te d  serum  w as h e a te d  a t 5 6 °  for 30 m in u tes  b e fo re  m ix ture  w ith  th e  
v iru s  d i lu t io n . The v iru s -s e ru m  m ix ture  w as a llo w ed  to  s ta n d  fo r 
h a lf  an hour a t room tem p era tu re  b e fo re  in o c u la tio n  onto  eg g s  or on to  
c h ic k  f ib ro b la s t m o n o la y e rs . The la t te r  w ere o v e rla id  w ith  a g a r
(F ranklin  e t a l .  1957) a f te r  tw o hours a b so rp tio n , and  w ere th e n
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in c u b a te d  a t  36° for 4 -6  d ay s  in  a hum id ified  in c u b a to r flu sh e d  
w ith  5% CC>2 in  a i r .  The d eg ree  of n e u tra liz a tio n  is  e x p re s s e d  a s  
th e  ra tio  b e tw een  th e  pock or p laque co u n t o b ta in ed  w ith  a n tis e ra  
com pared  w ith  th o s e  o b ta in ed  w ith  norm al se ru m . R atios are  e x ­
p re s se d  in  l o g ^  u n i t s .  V alues sm a lle r th an  - 1 .0  a re  p o s it iv e  and 
th o s e  g re a te r  th an  - 0 .3  a re  n e g a tiv e .
F lu o re sc e n c e  m ic ro sco p y . KB c e l l s  su p p o rtin g  th e  grow th  
of v a c c in ia , cow pox , e c tro m e lia  and myxoma v i r u s e s ,  w ere grow n in  
s l id e  c u ltu re s  (C a irn s , 1960) and s e v e ra l  s e p a ra te  c u ltu re s  w ere in ­
fe c te d  w ith  a h igh  m u ltip lic ity  (5 PFU per c e ll)  of e a c h  v i ru s .  Ten 
hours la te r  th e  c e l l s  in fe c te d  w ith  v a c c in ia , cow pox  and  e c tro m e lia  
w ere fix ed  and  s ta in e d  w ith  f lu o re s c e in -c o u p le d  a n t i s e r a ,  u s in g  th e  
d ire c t m e th o d . The m y x o m a-in fec ted  c e l l s  w ere s ta in e d  24 hours 
a f te r  in fe c t io n . F rozen  s e c tio n s  (M im s, 1959) of in fe c te d  c h o rio ­
a l la n to ic  m em branes w ere u se d  to  s tudy  th e  re a c tio n s  of fow lpox 
v iru s . U n in fec ted  c e l l s  and s e c tio n s  of u n in fe c te d  t i s s u e  w ere in ­
c lu d ed  a s  c o n tro ls , and  a c o n ju g a ted  a n ti- in f lu e n z a  ra b b it an tise ru m  
w as a ls o  u se d  to  confirm  the  s p e c if ic i ty  of s ta in in g . Rhodam ine 
bov ine  a lbum en w as u se d  a s  a counter s ta in .
RESULTS
The re s u l ts  can  be d iv id ed  in to  tw o g roups; th o s e  o b ta in e d  
w ith  c ru d e  v iru s  s u s p e n s io n s , w hich c o n ta in e d  bo th  v ira l p a r t ic le s
TABLE I
Com plem ent-fixation te s ts
ANTISERA b
ANTIGENS
rabbitpox cowpox ectromelia v acc in ia -NP myxoma fibroma
myxoma-
NP
monkey tumour 
poxvirus
vaccin ia 1280 C 80 80 d• • — — • • —
rabbitpox 640 120 120 80 — — — —
cowpox 480 320 80 120 — — — —
ectrom elia 240 60 640 60 — — — —
vaccinia-N P 60 30 10 120 — — 30 —
myxoma — — — — 2560 40 30 —
myxoma-NP — — — 30 80 40 60 —
fowlpox — — — — — — — —
monkey tumour 
poxvirus — — — — — — — 40
antigens c o n sis t of ex tracts of infected CAM, except monkey tumour poxvirus antigen, which was a 
10% emulsion of infected  tumour tis su e  used at a dilution of 1 /8 , and vaccinia-N P and myxoma-NP 
which were alkaline ex tracts of v iru s .
an tise ra  were from rab b its , m ice, fowls or monkeys convalescen t after infection with the appropriate 
v iruses ; an tisera  to vaccinia-N P and myxoma-NP were from hyperimmunized rab b its .
Q*
tite rs  expressed as reciprocal of dilution of serum showing 50% fixation ; — ind icates no fixation at 1 /10 .
ind ica tes te s t  not done.
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and so lu b le  a n t ig e n s ,  and  th o s e  o b ta in e d  w ith  th e  's o lu b le ' and 
•NP' a n tig e n s .
The r e s u l ts  of a l l  ty p e s  of s e ro lo g ic a l t e s t  m ade w ith  
crude  v iru s  s u sp e n s io n s  confirm ed  th e  v ie w  th a t  th e  p o x v iru se s  
cou ld  be  d iv id ed  in to  s e v e ra l  su b g ro u p s , w ith in  w hich  strong c r o s s ­
re a c tio n s  occu rred  b u t b e tw een  w hich  no  c ro s s in g  co u ld  be  dem on­
s t r a te d .
T able 1 h e re
In th e  com plem ent fix a tio n  t e s t s ,  c o n v a le s c e n t  s e ra  from 
an im a ls  in fe c te d  w ith  v iru s e s  of th e  v a c c in ia -v a r io la  su b g ro u p , for 
ex am p le , show ed e x te n s iv e  c ro s s in g  w ith  a n tig e n s  d e riv ed  from mem­
b e rs  of th a t  su b g ro u p . C o n v a le sc e n t an ti-m y x o m a and  an ti-f ib ro m a  
s e r a ,  on th e  o th e r h a n d , re a c te d  only  w ith  myxoma and  myxoma 'N P 1 
a n t ig e n s ,  and no serum  re a c te d  w ith  fow lpox  a n tig e n . M onkey tum or 
poxv irus an tise ru m  re a c te d  w ith  th e  hom ologous an tig e n  o n ly .
H yperim m une serum  produced  a g a in s t  v a c c in ia -N P , on th e  
o th e r h a n d , re a c te d  w ith  th e  c ru d e  a n tig e n s  of th e  v a c c in ia -v a r io la  
su b g ro u p , w ith  v a c c in ia -N P , and  to  a low er t i t r e  w ith  m yxom a-N P. 
H yperim m une serum  produced  a g a in s t  m yxom a-N P show ed  th e  re c ip ro ­
c a l  c ro s s in g  w ith  v a c c in ia -N P  a n tig e n , a s  w e ll a s  w ith  myxoma and
m yxom a-N P.
IX.
G el d iffu sio n  p re c ip it in  t e s t s  w ere c a r r ie d  ou t only  w ith  
c ru d e  a n tig e n s  and  c o n v a le s c e n t  s e r a ,  and  show ed  co m p le te  c r o s s ­
ing  w ith in  th e  subg roups and  no c ro s s in g  b e tw een  su b g ro u p s . In h i­
b itio n  of h em ag g lu tin a tio n  by v a c c in ia  w as e x h ib ite d  on ly  by c o n v a l­
e s c e n t  a n tis e ra  a g a in s t  v iru s e s  of th e  v a c c in ia -v a r io la  su b g ro u p . 
H yperim m une a n t is e ra  to  v a c c in ia -L S  and  v a c c in ia -N P  p o s s e s s e d  
no h e m a g g lu tin in - in h ib ito ry  c a p a c i ty .
The r e s u l ts  of n e u tra liz a tio n  t e s t s  c a r r ie d  ou t on th e  CAM 
(pock red u c tio n ) and  on c h ic k  em bryo f ib ro b la s t m o n o lay ers  (p laque 
red u c tio n ) a re  show n in  T ab le  2 . C o n v a le sc e n t s e ra  n e u tra liz e d  
th e  v iru s e s  be lo n g in g  to  th e  a p p ro p ria te  su b g ro u p s , b u t no o th e r s .
T ab le  2 h e re
H yperim m une a n ti-v a c c in ia -L S  serum  had  no n e u tra liz in g  c a p a c ity , 
ev en  fo r v a c c in ia  v i r u s , b u t th e  v a c c in ia  a n ti-N P  and  myxoma a n ti-N P  
s e ra  n e u tra liz e d  v a c c in ia  an d  myxoma r e s p e c t iv e ly .  N e u tra liz a tio n  
t e s t s  th u s  show ed  no c ro s s in g  o u ts id e  th e  re c o g n iz e d  su b g ro u p s .
T e s ts  w ith  f lu o re s c e n t-a n tib o d y  s ta in in g  of c e l l s  in fe c te d  
w ith  s e v e ra l  p o x v iru se s  g a v e  r e s u l ts  a n a lo g o u s  to  th o s e  o b ta in ed  
in  c o m p le m en t-f ix a tio n  t e s t s .  The c o n ju g a ted  c o n v a le s c e n t  s e ra  
s ta in  th e  v iru s e s  b e long ing  to  th e  a p p ro ria te  su b g ro u p s , b u t no o th e rs  
(Table 3 ) .  T e s ts  w ere c a r r ie d  out w ith  th e  a n t is e ra  to  v a c c in ia -N P
TABLE 2
Pock an d  p laq u e  n e u tra liz a tio n  t e s t s
ANTISERUM
VIRUS V accin ia M yxoma Fow lpox V accin ia-L S V acc in ia -N P M yxom a-N P
_ , a Pock bP laque Pock P laque Pock P laque Pock P laque Pock Plaque Pock P laque
V accin ia - 1 . 4 ° - 1 .6 + 0 .2 - 0 .1 + 0 .5 - 0 .1 - 0 .1 + 0 .1 - 1 .6 - 1 .7 0 - 0 .2
C o w p o x -red - 2 .7 - 2 .4 - 0 .3 - 0 .3 - 0 .1 - 0 .1
_  d — — — — —
E ctrom elia - 2 .2 - 2 .2 0 - 0 .4 + 0 .1 - 0 .1 — — — — — —
M yxoma - 0 .1 + 0 .3 - 2 .0 - 1 .8 - 0 .2 - 0 .3 + 0 .1 - 0 .2 - 0 .1 - 0 .2 - 2 .1 - 1 .8
Fow lpox 0 0 + 0 .1 + 0 .1 - 1 .4 - 1 .4
“
Pock c o u n ts  w ere  read  on th e  se c o n d  day  w ith  v a c c in ia ,  on th e  th ird  day  w ith  cow p o x , e c tro m e lia  and  m yxom a, and  on th e  fourth  
day  w ith  fow l pox  v i r u s .
All p laq u e  c o u n ts  (w ith th e  e x c e p tio n  of myxoma) w ere  m ade on th e  fif th  d a y . M yxom a p la q u es  w ere  c o u n ted  on th e  s ix th  d a y .
Q
F ig u res  e x p re s s  ra tio s  of pock an d  p laq u e  c o u n ts , o b ta in e d  w ith  norm al s e ra  and  th e  a n tis e ra  in d ic a te d , in  log^Q u n i ts .  V alues 
of - 1 .0  or l e s s  (heavy type) in d ic a te  n e u tra liz a tio n ; v a lu e s  g re a te r  th an  - 0 .3  in d ic a te  no n e u tra l iz a t io n .
in d ic a te s  t e s t  n o t d o n e .
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TABLE 4
Ring p re c ip itin  t e s t s  w ith  1 NP1 and so lu b le  a n tig e n s
A ntigens
A ntiserum V acc in ia M yxoma
NP so lu b le NP so lu b le
v a c c in ia a++++ +++ +-H- —
cow pox ++++ +++ ++ —
e ctro m elia +++ ++ ++ —
myxoma +++ — ++-H- +-H-+
fibrom a ++ — ++++ + + +
fow lpox +++ — ++ —
m onkey tum our 
poxvirus + — + —
v a c c in ia  an ti-L S — +++ — —
v a c c in ia  a n ti-N P +++ — ++ —
myxoma a n ti-N P ++ — +-H- —
in flu e n z a  A — — — —
norm al se ra — — — —
b o v in e  p ap u la r 
s to m a titis ++ — ++ —
a f+-H- -H-+ e t c . in d ic a te  vary ing  d e n s i t ie s  of p re c ip ita te  
no p re c ip ita te
X.
T able  3 here
and m yxom a-N P , bu t s ta in in g  w as re la tiv e ly  w eak and  w as 
e v id e n t only  w ith  c e l l s  in fe c te d  w ith  the  hom ologous v i r u s .
The v iru s e s  u se d  c le a r ly  f e l l  in to  four su b g ro u p s .
V a cc in ia , cow pox , e c tro m e lia  and ra b b itp o x  v iru s e s  c r o s s - r e a c te d  
in  a l l  t e s t s .  M yxom a and fibrom a v iru s e s  c r o s s - r e a c te d  w ith  e ac h  
o th er bu t no t w ith  th e  o th er v iru s e s  te s te d ,  w h ile  fow lpox and 
m onkey tum or poxv iru s r e a c te d  only  w ith  th e ir  hom ologous a n t i s e r a .
The a n tis e ra  p roduced  a g a in s t  th e  'N P ' a n tig e n s  of m yx­
oma and  v a c c in ia ,  ho w ev er, re a c te d  w ith  bo th  hom ologous and 
h e te ro lo g o u s  N P -a n tig e n s  in  th e  CF t e s t .  The re la tio n s h ip s  
b e tw een  the  NP a n tig e n s  and a v a r ie ty  of a n tis e ra  w ere ex p lo red  
in  g re a te r  d e ta i l  by ring  p re c ip itin  t e s t s ,  th e  r e s u l ts  of w hich 
a re  show n in  T able  4 . The so lu b le  a n tig e n s  re a c te d  on ly  w ith  
a n tis e ra  to  v iru s e s  of th e  ap p ro p ria te  su b g ro u p s . The ’NP' a n tig e n s
Table 4 here
of bo th  v a c c in ia  and  m yxom a, on th e  o th er h an d , re a c te d  w ith  a n t i ­
se ra  to  a l l  th e  p o x v iru s e s , a s  w e ll a s  w ith  b o th  myxoma a n ti-N P
and v a c c in ia  a n ti-N P  a n t i s e r a .  V acc in ia  an ti-L S  an tise ru m  fa ile d
XI.
to  p re c ip ita te  e ith e r  'N P ‘ a n tig e n , b u t p roduced  strong  p re c ip i­
ta tio n  of th e  v a c c in ia  so lu b le  a n tig e n .
I t w as th o u g h t p o s s ib le  th a t th e  myxoma an tise ru m  u se d  
by T ak ah ash i e t_ a l. (1959a) m ight c o n ta in  a h igh  c o n te n t of a n t i -  
NP a n tib o d y , and  th a t th is  m ight p a rtly  e x p la in  th e ir  r e s u l t s .  
H ow ever, an tise ru m  produced  by m u ltip le  in o c u la tio n s  of U V -irrad­
ia te d  m yxom a v iru s  p ro d u ced , in  our h a n d s , r e s u l ts  e n tire ly  in  
acco rd  w ith  th o se  o b ta in e d  w ith  m y x o m a -c o n v a le sce n t se ru m .
A dsorption  T e s ts  w ith  A n tisera  to  'N P a n t ig e n s '
The lo c a tio n  of th e  LS a n tig e n  on th e  su rfa ce  of th e  v iru s  
p a r tic le  w as c o n c lu s iv e ly  d em o n stra ted  by th e  rem oval of a n tib o d ie s  
re a c tin g  w ith  th is  a n tig e n  a f te r  ad so rp tio n  w ith  p u rified  v ira l p a r t­
ic le s  (C ra ig ie  and W ish a r t, 1934). A s im ila r p rocedu re  w as u s e d  
to  d e te rm in e  th e  lo c a tio n  of th e  g ro u p -re a c tin g  and  th e  su b g ro u p - 
s p e c if ic  com ponen ts of th e  'N P a n tig e n s ' .
A n tisera  to  m yxom a-N P and v a c c in ia -N P  w ere ad so rb ed  w ith
9
s u sp e n s io n s  of v iru s  p a r t ic le s  (about 10 p a r t ic le s  of myxoma v iru s  
and 10 ^  p a r tic le s  of ra b b itp o x  v iru s  to  1 .5  ml of u n d ilu ted  u n h e a te d  
se ru m ). The v iru s  w as added  to  seru m , and th e  m ixture in c u b a te d  
a t  37° for 60 m in u te s , w ith  s t i r r in g . The v iru s  p a r t ic le s  w ere th e n  
d e p o s ite d  by c en tr ifu g a tio n  a t 1 5 ,0 0 0  rpm for 15 m in u te s , and  th e
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XII.
a d so rp tio n  re p e a te d . After a sec o n d  c en tr ifu g a tio n  re s id u a l  
in fe c tiv e  v iru s  w as d e s tro y e d  by h ea tin g  a t  60° for 15 m in u te s .
The u n ad so rb ed  serum  w as h e a te d  in  th e  sam e w ay . The s e ra  
w ere th en  te s te d  for p re c ip ita tio n  w ith  th e  v a c c in ia -N P  and 
m yxom a-N P a n tig e n s , and for n e u tra liz a tio n  of th e  hom ologous 
v iru s e s  on th e  c h o r io a lla n to ic  m em brane, w ith  th e  r e s u l ts  show n in 
T able  5 . A dsorption  w ith  th e  hom ologous v iru s  p a r t ic le s  rem oved
Table 5 here
th e  n e u tra liz in g  c a p a c ity  of th e s e  s e r a ,  s l ig h tly  re d u c ed  th e  d e n s ity  
of th e  p re c ip ita te  o b ta in e d  w ith  th e  hom ologous 'NP a n tig e n ' , and  
had  no e ffe c t on th e  d e n s ity  of th e  p re c ip ita te  o b ta in ed  w ith  th e  
h e te ro lo g o u s  'NP a n tig e n ' .
DISCUSSION
The re s u l ts  of c o m p le m e n t- f ix a tio n , p re c ip ita tio n , hem ag g lu ­
t in in - in h ib i t io n ,  n e u tra liz a tio n  and f lu o re sc e n t an tib o d y  t e s t s  w ith  
a n t is e ra  p roduced  in  an im a ls  w hich  had  re c o v e re d  from in fe c tio n  w ith  
e ig h t d iffe re n tp o x v iru se s  co m p le te ly  confirm ed  th o se  of o th e r in v e s t i ­
g a to rs  who had  rep o rte d  th e  e x is te n c e  of s e ro lo g ic a l c ro s s in g  b e tw een  
v iru s e s  of th e  v a c c in ia -v a r io la ,  m yxom a-fibrom a and b ird p o x  su b g ro u p s; 
bu t no t b e tw een  su b g ro u p s , nor w ith  c e r ta in  cu rren tly  ungrouped  po x -
XIII.
v ir u s e s .  Even w hen myxoma an tise ru m  produced  in  e x a c tly  th e  
sam e w ay as  th a t  ap p a ren tly  u s e d  by T ak ah ash i e t a l .  (1959a) 
w as u s e d , we w ere u n ab le  to  confirm  th e ir  c la im  th a t th e re  w as a 
h igh  d eg ree  of c r o s s - r e a c t iv i ty  b e tw een  v a c c in ia , myxoma and 
fow lpox  v i ru s e s ,  d em o n strab le  by com plem en t-fix a tio n  and f lu o re s ­
c e n t- a n t ib o d y  t e s t s .
H ow ever, u s in g  a s  th e  a n tig e n s  in  ring  p re c ip itin  t e s t s  
th e  'NP a n tig e n s ' of v a c c in ia  and  myxoma v ir u s e s ,  p roduced  by 
a lk a l in e  e x tra c tio n  of d ried  v iru s  p a r t ic le s ,  s e ro lo g ic a l c ro s s in g  
w as o b serv ed  b e tw een  a l l  th e  p o x v iru se s  e x am in ed . The 'NP 
a n tig e n ' co m p rises  50% of th e  m ass  of th e  v iru s  and c o n ta in s  a ll  
i ts  DNA (Sm adel e t  a l .  1942). There a re  p robab ly  s e v e ra l  d is t in c t  
p ro te in s  in  th is  f ra c tio n , bu t th e  h a rsh  m ethod of e x tra c tio n  a p p e a rs  
to  d e s tro y  th e  a n tig e n ic ity  of a l l  e x c e p t a com ponent w h ich  r e a c ts  
in  p re c ip itin  t e s t s  w ith  c o n v a le s c e n t  a n tis e ra  to  a w ide ran g e  of 
p o x v iru se s , and  a com ponen t w h ich  is  re s p o n s ib le  for the  p ro d u c tio n  
of low  t i te r  hom ologous n e u tra liz in g  c a p a c ity  in  a n tis e ra  p rep a red  
to  th e  'NP a n tig e n s ' . The d e m o n stra tio n  of hom ologous a g g lu tin a tio n  
of v iru s  p a r t ic le s  by su ch  a n t is e ra  (Sm adel e t a l . 1942) and th e  e x i s ­
te n c e  of hom ologous n e u tra liz in g  c a p a c ity  in  a n t i - 'N P 1 se ra  w hich  
can  be rem oved by ad so rp tio n  w ith  s u sp e n s io n s  of hom ologous v i r u s ,
in d ic a te s  th a t  th e  subgroup s p e c if ic  com ponent of th e  'NP a n tig e n ' ,
XIV.
lik e  th e  LS a n tig e n , o c cu rs  on th e  su rfa c e  of th e  v iru s  p a r t ic le .
The m ajor a n tig e n  e x tra c te d  from d ried  v iru s  by tre a tm e n t 
w ith  N N aO H , ho w ev er, i s  p re c ip ita te d  by a n tib o d ie s  to  a w ide 
ran g e  of p o x v iru s e s . A dsorp tion  of a n tis e ra  p roduced  a g a in s t  th e se  
'N P a n tig e n s ' w ith  p u rified  v iru s  fa ile d  to  rem ove th e  p re c ip it in , 
show ing th a t the  r e s p o n s ib le  a n tig e n  i s  no t p re se n t on th e  su rfa ce  
of in ta c t  v iru s  p a r t ic le s .  We s u g g e s t  th a t  th is  group an tig e n  is  
a s s o c ia te d  w ith  the  in te rn a l p ro te in  w hich  E p s te in  (1958) and P e te rs  
(1960) h a v e  show n is  a s s o c ia te d  w ith  th e  v ira l DNA. A n tisera  to  
th e  myxoma 'NP a n tig e n ' sh o u ld  p rov ide  a h igh ly  s p e c if ic  to o l for 
id en tify in g  th e  lo c a tio n  of th e  g roup  a n tig e n  in  v a c c in ia  v iru s  
p a r t i c l e s , u s in g  th e  fe rr i t in -c o u p lin g  te ch n iq u e  for e le c tro n  m ic ro s­
copy  re c e n tly  a p p lie d  to  v a c c in ia  v iru s  by M organ e t a l .  (1961).
The group a n tig e n  h a s  o b v io u s  s ig n if ic a n c e  in  taxonom y, 
and th e  p o x v iru se s  may now  be d e fin e d  a s  la rg e  b r ic k -s h a p e d  deoxy 
v iru s e s  (C ooper, 1961) w h ich  h av e  a common group a n tig e n . The 
p re se n c e  of an tib o d y  to  the  group a n tig e n  in  serum  from cow s w hich 
had  re c o v e re d  from b o v in e  p ap u la r s to m a tit is  (Snowden and F rench , 
1961) confirm s F rench ' s c o n te n tio n  (F rench , to  be p u b lish e d ) , b a se d  
on c ro s s - r e a c t iv a t io n  e x p e r im e n ts , th a t  th is  v iru s  is  a m em ber of 
th e  poxv irus g ro u p . A ntiserum  to  m onkey tum or poxv irus a lso  co n ­
ta in s  p re c ip ita tin g  an tib o d y  to  th e  g roup a n tig e n , th u s  confirm ing
XV.
th e  s u g g e s tio n  of N iven  e t  a l . (1961) th a t th is  v iru s  b e lo n g s  to  
th e  poxv iru s g ro u p .
This in te rn a l p ro te in  may a ls o  be in v o lv ed  in  th e  re a c t io n s  
lead in g  to  n o n -g e n e tic  r e a c t iv a t io n ,  s in c e  th is  p robab ly  in v o lv e s  
a p ro te in  ra th e r  th an  DNA (Joklik  e t a l . I960), and i t  i s  a g e n e ra l 
re a c tio n  th ro u g h o u t th e  p o x v iru s g roup (Fenner e t a l . 1959).
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DISCUSSION -  REVIEW
REACTIVATION AND RECOMBINATION IN ANIMAL VIRUSES"
3 .
I .  THE FIBROMA- MYXOMA " TRANSFORMATION“
S in ce  i t s  d isc o v e ry  by Berry and D edrick  in  1936, th e  phen ­
om enon w hereby  a c tiv e  myxoma is  re co v e red  from ra b b its  in je c te d  w ith  
m ix tu res  of h e a t- in a c t iv a te d  myxoma and a c tiv e  fibrom a h a s  b een  c a lle d  
" tran sfo rm a tio n "  . For re a so n s  s e t  ou t in  th e  s e c o n d , th ird  and  fourth  
p ap e rs  of th is  th e s i s  and ag a in  in  th e  n e x t s e c tio n  of th is  d is c u s s io n -  
re v ie w , i t  is  p robab le  th a t the  b a s ic  m echanism  is  re a c t iv a t io n  of th e  
h e a te d  myxoma ra th e r th an  u tran sfo rm a tio n "  in  th e  s e n s e  th a t  th is  term  
is  u s e d  in  b a c te r ia l  g e n e t i c s .  In th is  s e c tio n  th e  term  * tran sfo rm a tio n "  
w ill be  u se d  w here i t  w as u se d  by th e  au th o rs  q u o te d .
B ac te ria l T ransform ation
One of th e  m ajor a d v an c e s  in  b io logy  over th e  l a s t  few  d e ca d e s  
h a s  b een  the  id e n tif ic a tio n  of d e o x y rib o n u c le ic  ac id  (DNA) a s  th e  chem ­
ic a l  s u b s ta n c e  co n ce rn ed  w ith  th e  tra n s fe r  of g e n e tic  in fo rm a tio n . This 
d isc o v e ry  s tem s from the  ex p erim en ts  of G riffith  (1928) on th e  tran sfo rm ­
a tio n  of pneu m o co ccal ty p e s  w hich  s e t  th e  p a tte rn  for a l l  th e  su b se q u e n t 
w ork . W hile  in v e s t ig a tin g  th e  s e ro lo g ic a l re a c tio n  of p n eu m o co cc i, 
G riffith  v a c c in a te d  m ice w ith  h e a t - k i l l e d ,  v iru le n t ty p e  III o rg an ism s 
and la te r  c h a lle n g e d  them  w ith  a ro u g h , a v iru le n t c u ltu re  of ty p e  II 
o rg a n ism s . On th e ir  own n e ith e r  th e  v a c c in a tin g  nor th e  ch a llen g in g
4 .
pn eu m o co cc i had  any  e ffe c t on th e  m ic e , b u t to g e th e r th e y  produced 
a fa ta l  d is e a s e  and l iv in g , v iru le n t ty p e  III pneum ococci w ere re c o v ­
e red  from th e  h e a r t b lo o d . T hese  ex p erim en ts  p rov ided  th e  f i r s t  
exam ple  of th e  tran sfo rm a tio n  of an  a v iru le n t b ac te riu m  in to  a h igh ly  
v iru le n t one of an o th e r se ro ty p e  — th e  m ouse provid ing  a s e le c t iv e  
env ironm en t for th e  grow th  of th e  v iru le n t o rg an ism .
The n ex t im p o rtan t d isco v e ry  cam e from Avery* s lab o ra to ry  
a t  th e  R o ck e fe lle r I n s t i tu te .  U sing  th e  te ch n iq u e  of D aw son  and Sia 
(1931), of grow ing rough (R) pneum ococci in  a flu id  m edium  co n ta in in g  
a n ti-R  serum  and h e a t - k i l l e d ,  e n c a p s u la te d  sm ooth  (S) c e l l s ,  Avery 
and  h is  c o lle a g u e s  w ere a b le  to  rep ro d u ce  G riffith* s phenom enon 
in  v i t r o . This ap p ro ach  p erm itted  a m uch more p en e tra tin g  a n a ly s is  
of th e  b a s ic  m echan ism  of tra n s fo rm a tio n . In ex p erim en ts  w hich  are  
now  c l a s s i c a l  A very, M acLeod and  M cC arty  (1944) id e n tif ie d  th e  t r a n s ­
form ing p rin c ip le  a s  DNA. All su b se q u e n t work rev iew ed  by H o tch k iss  
(1952, 1957) h a s  confirm ed  th i s .  A very1 s g roup is o la te d  a DNA frac tio n  
from ty p e  III pneum ococc i and  found i t  c a p a b le  of tran sfo rm in g , u n e n ca p ­
s u la te d ,  rough v a r ia n ts  of ty p e  II in to  fu l ly -e n c a p s u la te d  type III s t r a in s .  
The DNA w as is o la te d  in  a h igh ly  p u rified  form and  w as a b le  to  in d u ce  
tra n sfo rm a tio n  in  e x c e e d in g ly  m inute a m o u n ts . I t  w as show n by v a rio u s  
c h e m ic a l, p h y s ico c h e m ic a l and s e ro lo g ic a l te s t s  to  c o n ta in  no p ro te in .
lip id  or p o ly s a c c h a r id e . At f i r s t  th e re  w as som e c r itic ism  of th e  id e n tif i-
c a tio n  of th e  transfo rm ing  p rin c ip le  w ith  p ro te in -f re e  DNA 
(M irsk y , 1947). H o w ev er, Zam enhof e t a l . (1952, 1953) purified
5 .
th e  tran sfo rm in g  p r in c ip le s  of H aem ophilus in f lu e n z a e  and H o tch k iss  
(195 2) th a t  of Pneum ococcus to  th e  po in t w here th e ir  p ro te in  n a tu re  
co u ld  be  e x c lu d e d , and  i t  w as a c c e p te d  th a t th e  transfo rm ing  p rin c ip le  
w as DNA (Zam enhof, 1957).
S in ce  th en  th e  tran sfo rm a tio n  of pneum ococci by DNA h as  
becom e one of th e  m ost a c tiv e  f ie ld s  in  m o lecu la r g e n e tic s  . E x c e lle n t 
re v ie w s  by H o tc h k iss  (1953-54, 1955, 1957), E p h ru ss i-T ay lo r (1955, 
1958, 1960), and Zam enhof (1956, 1957) sum m arize p ro g ress  up to  th e  
p re s e n t t im e .
S im ilar tran sfo rm atio n s  of o th e r b a c te r ia l  s p e c ie s  su ch  a s  
H aem ophilus in f lu e n z a e , E sc h e rich ia  c o l l . S h ig e lla  d y s e n te r ia e  and 
M en in g o co ccu s  o ccu r and  have  b een  a d e q u a te ly  rev iew ed  by A ustrian  
(1952), Ephrus s i-T a y lo r  (1955) and R avin(1958). R ecen tly  S p iz iz e n  (1958) 
h a s  d e sc r ib e d  th e  phenom enon for B ac illu s  s u b t i lu s . The c lo s e ly  a llie d  
phenom enon of tra n sd u c tio n  h as  b een  d e sc r ib e d  for S a lm onella  by Z inder 
and  Lederberg  (1952). M uch of our p re se n t know ledge of th e  b io lo g ic a l 
and  p h y s ic a l p ro p e rtie s  of n u c le ic  a c id s  h as  stem m ed from s tu d ie s  by 
G oodgal and  H errio tt (1957) and  Zam enhof (1957) w ith  H . in f lu e n z a e  ; 
and from Lerman and  Tolm ach (1959) and  Ephrus s i-T a y lo r  (1960) w ith
P n e u m o c o cc u s .
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All a v a ila b le  e v id e n c e  show s th a t  in  b a c te r ia l  tran sfo rm a tio n
a frag m en t of b io lo g ic a lly  a c tiv e  DNA o b ta in e d  from donor b a c te r ia  is
in c o rp o ra te d , by a p ro c e ss  ak in  to  re c o m b in a tio n , in to  the  genom e of
th e  a c c e p to r  b a c te r iu m . T hese  frag m en ts  a re  e q u iv a le n t to  b a c te r ia l
g e n e s  (C o lte r , 1958) and  i t  h a s  b een  show n by Lerman and Tolm ach
32(1957) and  Fox (1957) u s in g  P th a t th e  num ber of b a c te r ia l  c e l ls  
tran sfo rm ed  is  d ire c tly  p ro p o rtio n a l to  th e  q u a n tity  of transfo rm ing  DNA 
in c o rp o ra te d  in to  c e l l s  of th e  a c c e p to r  s t r a in .
The F ibrom a-M yxom a T ransfo rm ation
The ” tran sfo rm a tio n "  of v iru s e s  w as f ir s t  a cc o m p lish e d  by 
Berry and  D edrick  (19 3 6 a ). T hese w orkers reco g n iz in g  the  c lo s e
im m uno log ica l re la t io n s h ip  b e tw ee n  fibrom a and  myxoma and noting the  
b eh av io u r of th e  tw o v iru s e s  in  lab o ra to ry  r a b b i ts ,  (in w hich  fibrom a is  
b en ig n  and myxoma h ig h ly  v iru len t)  co n c lu d ed  th ey  m ight be d iffe ren t 
s tra in s  of th e  sam e v i r u s .  So s tim u la te d  by Griffith* s s tu d ie s  (1928) 
w ith  a v iru le n t and  v iru le n t p n eu m o co cc i, th ey  a ttem p ted  th e  an a lo g o u s 
* tra n sfo rm a tio n "  of fibrom a in to  m yxom a. They s u c c e e d e d  in  reco v erin g  
a c tiv e  myxoma v iru s  from ra b b its  in je c te d  w ith  m ix tu res of h e a t- in a c tiv a te d  
myxoma and a c tiv e  fibrom a v i r u s e s .  On an alo g y  w ith  G rif f ith 1 s fin d in g s  
th ey  c a l le d  th e  h e a te d  myxoma v iru s ,  th e  " transfo rm ing  ag en t"  and th e  
phenom enon th e  fib rom a-m yxom a v iru s  “ tran sfo rm a tio n "  . H ow ever,
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Berry (1937a) a ls o  G ardner and H yde (1942), re a liz e d  th a t re a c t iv a t io n  
o f the  h e a t- in a c t iv a te d  m yxoma v ir u s ,  ra th e r than  ” tra n s fo rm a tio n ”
(in  the  G r if f ith *  s sense) o f the a c t iv e  fib rom a  v iru s  was a p o s s ib le  
a lte rn a tiv e  m echan ism . As w i l l  be show n in  the  n e x t s e c t io n ,  re c e n t 
exp e rim e n ts  in  A u s tra lia  (Fenner e t a l . 1959, Fenner and W o o d ro o fe ,
1960) and Japan (H ana fusa  e t a l . 1959a, 1959b, 1959c) have shown 
u n e q u iv o c a lly  th a t th is  in te rp re ta t io n  is  the c o rre c t one .
S evera l d if fe re n t  s tra in s  o f fib rom a  v iru s  (Shope* s (1932) 
o r ig in a l A s tra in ; Shope* s B, C , D and E s tra in s ; Andrewes* (1936) 
m u tan t IA  and OA s tra in s ; the  ” C a yuga " s tra in  (B erry , 19 37a) and the 
c lo s e ly  re la te d  s q u ir re l fib rom a  (K ilham  et a l .195 3) ) have been " t r a n s ­
fo rm ed" , e ith e r  in  the  p resence  o f p u r if ie d  e lem e n ta ry  body suspe ns io ns  
(B erry , 1937b; G ardner and H y d e , 1942; S m ith , 1952) or the  more usu a l 
t is s u e  hom ogenate o f m yxom a v ir u s .  I f  the  myxoma su spe ns io ns  were 
in a c t iv a te d  fo r  30 m inu tes  a t 60 ° and 7 5 ° and 9 0 ° ,  s u c c e s s fu l " tra n s ­
fo rm a tio n s " occu rred  w ith  the  60° and 7 5 °  m a te r ia l o n ly ,  no t w ith  the 
90° m a te r ia l (Berry and D e d r ic k ,  1936a). C o n s id e ra b le  la t itu d e  in  te c h ­
n ique  was c o n s is te n t w ith  the  d e m o n s tra tio n  o f the  phenom enon and 
Berry (1937a) obse rved  i t  when the  a c t iv e  fib rom a  and h e a t- in a c t iv a te d  
m yxom a w ere in je c te d  s e p a ra te ly  in to  d if fe re n t  s ite s  o f the  ra b b it .
The phe nom enon ,how eve r, d id  n o t o ccu r in  fib ro m a  im m une ra b b its  
(Berry and D e d r ic k ,  1936b; H u rs t,  1937). A lso  the  re p la cem en t o f e ith e r  
th e  hea ted  m yxom a or a c t iv e  fib rom a  v iru s  by  a v a r ie ty  o f b io lo g ic a l
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m a te r ia ls  such  as o th e r v iru s e s ,  b a c te r ia ,  g a s tr ic  m u c in , va rio u s  
a n im a l sera and the  subsequen t in je c t io n  o f th e se  m ix tu re s  in to  n o rm a l, 
h y p e rs e n s it iv e ,  im m un ized  or b e n z o l-p o is o n e d  ra b b its  fa i le d  to  in duce  
the  phenom enon (B e rry , 1937a). So i t  was proved c o n c lu s iv e ly  th a t 
ra b b its  d e ve lo p e d  in fe c t io u s  m yxo m a to s is  o n ly  when h e a t- in a c t iv a te d  
m yxom a su sp e n s io n s  and a c t iv e  fib rom a  v iru s  w ere in je c te d  to g e th e r.
M a n y  tim e s  s in c e  its  in i t ia l  d is c o v e ry , the  fib rom a-m yxom a  
tra n s fo rm a tio n  has be en c o n firm e d  by w o rke rs  such as H u rs t (1937), 
G a rdne r and H yde (1942), H o u lih a n  (1942) and Sm ith (1952). The re s u lts  
have a lw a y s  been ir re g u la r  w ith  m yxom a tos is  d e ve lo p in g  som etim es in  
o n ly  1 /21  ra b b its  (H o u lih a n , 1942). H u rs t (pe rsona l com m u n ica tion ) 
had no d i f f ic u l t y  in  e ffe c t in g  “ tra n s fo rm a tio n * ' w h ile  w o rk in g  a t the 
L is te r  In s t i tu te  in  London , b u t was una b le  to  repea t th e se  expe rim en ts  
la te r  in  A u s tra lia .  M eek and Acree (1939) o b ta in e d  no " tra n s fo rm a tio n s " .
11 T ra n s fo rm a tio n " in  T issu e  C u ltu re
M ore  re c e n t ly  K ilham  (1957, 1958) has show n the  fib rom a-m yxom a  
tra n s fo rm a tio n  to  o ccu r in  t is s u e  c u ltu re  a nd , in  c o n tra s t to  the  f in d in g s  
in  r a b b its ,  expe rim e n ts  in  t is s u e  c u ltu re  proceed in  a re g u la r  and p re d ic t­
ab le  fa s h io n .  Th is  in  v it r o  d e m o n s tra tio n  o f the  phenom enon p a ra lle ls  
A v e ry 's  (1944) in  v it r o  d e m o n s tra tio n  o f the  tra n s fo rm a tio n  o f pneum o­
c o c c a l ty p e s ,  and such te c h n iq u e s  c e r ta in ly  ensure g re a te r c o n tro l over
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e x p e r im en ta l c o n d i t io n s .
Kilham* s " tran s fo rm a tio n s"  w ere c a rr ie d  out in  c u ltu re s  of 
r a b b i t ,  s q u irre l and m onkey k id n ey  t i s s u e s ,  a good grow th of supporting  
c e l l s  be ing  an  e s s e n t ia l  p re re q u is ite  for s u c c e s s fu l  " tran sfo rm a tio n "  . 
W ith  su c h  fav o u rab le  c o n d itio n s  100% e ff ic ie n c y  of in  v itro  e x p e ri­
m en ts  w as c la im e d . Kilham (1959) a ls o  firm ly b e lie v e d  th a t  m any fa c to rs  
c o n tr ib u te d  to  th is  in c re a s e d  e ff ic ie n c y  of t i s s u e  c u ltu re s  to  a c t  a s  a 
s u b s tr a te  for th e  " tran sfo rm a tio n "  p ro c e s s ,  th e  m ost im p o rtan t being  
th a t  th e  tw o re a c tin g  co m ponen ts  — th e  h e a t- in a c t iv a te d  myxoma and 
liv e  fibrom a v iru s  — had  a g re a te r  c h an c e  of en te rin g  the  sam e c e l l s  in  
th e  c o n fin ed  env ironm ent of a t i s s u e  c u ltu re  sy stem  w h ile , in  th e  an im al 
b o d y , th e  in je c te d  p a r t ic le s  may be d is p e r s e d  by c irc u la tin g  body flu id s  
a n d /o r  be rem oved by m acro p h ag es  — th e  n a tu ra l s c a v e n g e rs  of th e  body . 
T herefo re  g re a te r  co n tro l over the  in p u t of v ira l com ponen ts  is  p o s s ib le  
u s in g  a t i s s u e  c u ltu re  s y s te m . Also try p s in iz e d  k idney  and te s t ic u la r  
c e l l s  c u l tu re d  on g la s s  may becom e p h ag o cy tic  in  th is  h a b i ta t ,  and 
ab so rb  th e  h e a te d  and a c tiv e  v ira l p a r tic le s  more re a d ily .
H o w ev er, if  good grow th of supporting  c e l l s  is  th e  m ain p re ­
re q u is i te  one w ould e x p e c t th e  c h o r io a lla n to ic  m em brane of th e  dev elo p in g  
c h ic k  em bryo to  p rov ide  an id e a l  s i te  for 11 tran sfo rm a tio n "  s in c e  bo th  
fibrom a and  myxoma grow  w e ll in  th is  t i s s u e  (Sm ith, 1948; L ush , 1937), 
b u t so  fa r on ly  n e g a tiv e  fin d in g s  on th e  c h o r io a lla n to ic  m em brane have
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b e e n  re p o r ted  (H offstad t and P i lc h e r ,  1941; Sm ith , 1952).
Kilham (1958) s u c c e s s f u l ly  " transfo rm ed" S h o p e 's  (1932) 
ra b b i t  fibroma in to  myxoma v iru s  by adding h e a t  in a c t iv a te d  myxoma 
and  l iv e  fibroma v iru s  to c u l tu re s  of ra b b i t  k idney  c e l l s  . The su p e r­
n a ta n t  f lu id s  from th e s e  c u l tu re s  were t e s t e d  a t  v a r io u s  in te rv a ls  in  
r a b b i t s .  U su a l ly  only fibroma v iru s  w as  re c o v e re d  a f te r  2 -3  days  
in c u b a t io n  a t  3 6 ° ,  bu t a f te r  5-7  d ay s  a l l  f lu id s  t e s t e d  c o n ta in ed  myxoma 
v iru s  and  c a u s e d  f a t a l ,  sy s te m ic  in fe c t io n s  in the  r a b b i t s .  The a p p ea ra n ce
of myxoma v irus  in  t i s s u e  c u ltu re  w as co n co m itan t  w ith  a m arked in c re a s e
-2  -5in  v iru s  t i t r e  from 10 to  10 and a n o t ic e a b le ,  cy to p a th o g en ic  e f fe c t  
on the  c e l l s .
The " transfo rm ation"  worked eq u a lly  w ell if  th e  c lo s e ly  re la te d  
sq u ir re l  fibroma (Kilham e t  a l . 195 3) re p la c e d  th e  ra b b i t  fibroma v i ru s .  
H o w ev er ,  Kilham (1959, 1960) rep o r ted  re p e a te d  fa i lu re s  when using  
v a c c in ia  v i r u s ,  an o th e r  poxvirus  in  p la c e  of th e  live  fibroma v i ru s .  
R eac t iv a t io n  s tu d ie s  w ith  p o x v iru se s  (Fenner e t  a l . 1959; H an afu sa  e t  a l . 
1959d), im plying a s  th ey  do the  g e n e ra l i ty  of th is  phenom enon , would 
re fu te  th is  finding on th e o re t ic a l  g rounds : b u t ,  in  p r a c t i c e ,  overgrow th 
of a s lo w  growing v iru s  l ik e  myxoma by a rap id ly  growing v a c c in ia l  s t ra in  
may p rec lu d e  s u c c e s s f u l  d e m o n s tra t io n  of " tran sfo rm a tio n "  . C e r ta in ly  
r e a c t iv a t io n  s tu d ie s  (Fenner and  W oodroofe , 1960; H an afu sa  e t  a l .
1959d) show  the  r e v e r s e  s i tu a t io n  to  be  true  i . e . ,  th a t  myxoma v irus
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r e a c t iv a te s  h e a te d  v a c c in ia  v iru s  very  e f f ic ie n tly .
A t i s s u e  c u ltu re  sy s tem  is  an id e a l env ironm ent for th e  
s tu d y  of th e  v a rio u s  p ro p e rtie s  of th e  m ain re a c ta n ts  of a 11 transfo rm ing" 
sy s te m  a n d , a s  s u c h , w as fu lly  e x p lo ite d  by Kilham* s g ro u p . In 
p a r tic u la r  th e y  exam ined  th e  h e a te d  myxoma com ponent — the  n t r a n s ­
form ing a g e n t myxoma" or TAM, a s  th ey  c a l le d  i t  — and id e n tif ie d  i ts  
a c t iv e  c o n s t i tu e n t  a s  DNA (Kilham e t a.1. 1958; S chack  and K ilham , 1959). 
Their TAM w as u su a lly  p rep a red  from a c o n c e n tra te d  s u sp e n s io n  of ground 
m yxom a tum ours by h e a tin g  for 12-40  m inu tes a t 65° or fo llow ing ex p o su re  
to  e th e r  a t  room tem p era tu re  for a 1 /2  to  2 1 /2  h o u rs . T hese p rep a ra tio n s  
th e y  c a l le d  heat-TA M  or ether-TA M  re s p e c t iv e ly ,  and bo th  w ere n o n in fe c - 
tio u s  and  a c tiv e  in  " tran sfo rm a tio n "  . The a c t iv i ty  of th e  TAM p a r tic le s  
w as sed im en te d  in  the  Sp inco  u n d er c o n d itio n s  w hich  sed im en ted  a c tiv e  
v i r u s ,  th e re fo re  p robab ly  th e  TAM c o n s is te d  of myxoma p a r tic le s  th a t  had 
lo s t  in fe c t iv i ty  due to  d e n a tu ra tio n  of th e ir  ou te r p ro te in  c o a t (Schack and 
K ilham , 1959). Both ty p e s  of TAM w ere very  s ta b le  being  r e s is ta n t  to  
p ro longed  h e a tin g , to  try p s in  and  to  D N A se, bu t they  w ere rap id ly  d e s ­
tro y ed  by lig h t of c e r ta in  w a v e le n g th s , u ltr a v io le t  l ig h t and by th e  pho to­
dynam ic  a c tio n  of to lu id in e  b lu e  (Kilham, L ern er, H ia tt and S c h a ck , 1958). 
All th e s e  a g e n ts  h av e  a s p e c if ic  po iso n in g  e ffe c t on n u c le ic  a c id s  
(Z am enhof, 1957).
S ti ll  th in k in g  too  r ig id ly  in  te rm s of b a c te r ia l  tran sfo rm a tio n s
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m e d ia ted  by DNA, and no t v is u a l iz in g  s im p le  re a c tiv a tio n  of th e  
h e a te d  com ponent (w ith i t s  DNA fu n c tio n a lly  in ta c t)  by som e c o n s ti tu e n t 
of th e  a c tiv e  v iru s ,  S chack  and Kilham (1959) d ire c te d  c o n s id e ra b le  
e ffo rt to w ard s  rem oving th e  o u te r p ro te in  c o a t of th e  h e a te d  myxoma 
v iru s  to  re v e a l an  in n e r co re  of DNA. No doubt Sm ith (1952) had a ls o  
th o u g h t a long  s im ila r  l in e s  w hen sh e  s u g g e s te d  th a t TAM w as p robably  
DNA but her s ta te m e n t w as n ev er s u b s ta n t ia te d .
M ild  d ig e s t io n  of the  h e a te d  myxoma v iru s  w ith  u rea  ex p o sed  
an  in n e r co re  of DNA (Schack and  K ilham , 1959). This urea-TA M , w as 
sim p ly  p repared  by d ia ly z in g  heated-T A M  a g a in s t  10 volum es of 10 M 
u rea  in  bu ffered  s a l in e  for 8 hours a t room tem p era tu re  (h igher tem p era ­
tu re s  g av e  le s s  c o n s is te n t  p re p a ra t io n s ) , and th e n  fu rth e r d ia ly s is  a t 
4 ° .  Urea-TAM  led  to  100% * tra n sfo rm a tio n s"  b u t ,  u n lik e  h e a te d  
TAM, w as s p e c if ic a l ly  d e s tro y e d  by D N A se, bu t not by RNAse.
This confirm ed  th a t urea-TAM  c o n s is te d  of p a r tic le s  of myxoma v iru s  
w hose  o u te r c o a ts  of p ro te in  had  b een  d e n a tu red  and p a r tia lly  rem oved 
th u s  ex p o sin g  th e ir  in n e r co re  of DNA.
The urea-TAM  or free  myxoma DNA w as not in fe c tio u s  by i t s e l f  
(K ilham , 1960) in  c o n tra s t  to  o th e r in fe c tio u s  DNA from T2 b a c te rio p h a g e  
(F raser e t a l . 1957; S p iz iz e n , 1957) and  polyom a v iru s  (Di M ayorca e t a l . 
1959; Sm ith e t  a l . 1960); or in fe c tio u s  RNA from TMV (F ra en k e l-C o n ra t,
1956; G ie re r and Schram m , 1956), p o lio m y e litis  (C o lter e t a l . 1957a;
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A lexander e t  a l . 1958 ) ,  MVE (Ada and A nderson , 1959), e n c e p h a lo -  
m y o ca rd it is  v irus  (Huppert and S a n d e rs ,  1958), foot and mouth d i s e a s e  
(Brown e t  a l . 1958), M engo (Colter e t  a l . 1957b), W es t  N ile  (Colter 
e t  a l . 1957a) and E . E . E .  v iru s  (W ecker and S c h a fe r ,  1957). To ex p la in  
t h i s ,  Kilham (1960) p o s tu la te d  th a t  myxoma n u c le ic  a c id  c o n s i s te d  of a 
lo o s e  s tru c tu re  of s e v e ra l  m o lecu les  of DNA a n d ,  ex p o su re  to  u re a ,  
a f fe c ted  the  p ro te in  com ponent and d is ru p te d  the  s tru c tu re  su f f ic ie n t ly  
to  d e s tro y  i t s  c a p a c i ty  for re p l ic a t in g  new  v iru s  by i t s e l f ,  bu t no t enough 
to e ffe c t  the  ro le  th e  DNA p lay ed  in  th e  " t ra n s fo rm a tio n "  p r o c e s s .
C o n c lu s io n s
Thus in summary we have  the  an a lo g y  b e tw een  b a c te r ia l  
t ra n s fo rm a t io n s ,  e s p e c ia l l y  w ith  p n eu m o co c c i ,  s t im u la t in g  in v e s t ig a t io n s  
of w hat a t  f i r s t  ap p ea re d  to  be i t s  c o u n te rp a r t  in  v ira l  " transfo rm ation"  , 
the  so c a l l e d  fibrom a-m yxom a " tran s fo rm a tio n "  or th e  B erry-D edrick  
phenom enon . H o w ever , th e  m echan ism  of the  tran sfo rm a tio n  d iffers  
c o n s id e ra b ly  in e a c h  in s t a n c e  and c le a r ly  d i f f e re n t ia te s  th e  two phenom ena .
In b a c te r ia l  tran s fo rm a tio n s  th e re  is  a d i re c t  t ra n s fe r  of DNA to
32the  r e c ip ie n t ,  and s u b s e q u e n t ly  t ra n s fo rm e d ,  c e l l s .  The u s e  of P 
la b e l le d  DNA carry ing  th e  s p e c i f ic  m arker for s trep to m y c in  r e s i s t a n c e  
h a s  co m p le te ly  s u b s ta n t ia te d  th is  f a c t  by show ing th a t  in co rp o ra tio n  of
th e  t ra c e r  in to  the  r e c ip ie n t  c e l l s  i s  co n co m itan t  w ith  g e n e t ic  m odif ica tion
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(Lerman and T olm ach, 1957; F ox , 1957). F urther e lu c id a tio n  of th e  
m ech an ism  com es from E p h ru ss i-T ay lo r (1960).
On th e  o th er hand  th e  fibrom a-m yxom a " tran sfo rm a tio n "  , w hile  
s u p e r f ic ia lly  re sem b lin g  b a c te r ia l  tra n s fo rm a tio n , d ep en d s  on an e n tire ly  
d iffe re n t m echan ism  su g g e s te d  a s  an a lte rn a tiv e ,b u t la te r  d is c o u n te d , 
by Berry (1937a), th e  d is c o v e re r  of th e  phenom enon . He ad v an ced  
th e  h y p o th e s is  th a t  th e  a c tiv e  fibrom a v iru s  re a c t iv a te s  th e  h e a t - in a c ­
t iv a te d  myxoma v iru s  and th a t tra n s fo rm a tio n , in  th e  s e n s e  u se d  in  
b a c te r ia l  g e n e t ic s ,  d o es  not o c c u r . But d e sp ite  th is  su g g e s tio n  a l l  
w orkers in  th e  f ie ld  for th e  p a s t  tw e n ty -f iv e  y e a rs  have  a c c e p te d  th e  
id e a  of 11 tran sfo rm a tio n "  per s e .
E lu c id a tio n  of th e  p o s s ib le  re a c tiv a tio n  m echanism  h as  not 
com e from th e  fibrom a-m yxom a sy s te m , bu t h as  only  re c e n tly  em erged 
from s tu d ie s  w ith  v a c c in ia  v iru s  (Fenner e t a l . 1959; H an afu sa  e t a l .
1959a, 1959b), w hich  w ill be  rev iew ed  in  th e  fo llow ing s e c t io n .
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I I . REACTIVATION OF POXVIRUSES
The term  re a c tiv a tio n  h a s  b e en  a p p lie d  to  v a rio u s  phenom ena 
in  th e  f ie ld  of v iro lo g y  co n ce rn ed  w ith  th e  re s c u e  of in fe c tiv ity  
a n d /o r  g e n e tic  m arkers from v ira l p a r t ic le s  p rev io u s ly  ex p o sed  to  
v a r io u s  ty p e s  of le th a l  d am ag e .
C e r ta in  ty p e s  of dam age are  re v e rs ib le  by lig h t (p h o to reac ­
t iv a t io n ) ,  by c e r ta in  c h em ica ls  (ch em o reac tiv a tio n ) or by th e  in te rv e n tio n  
of som e b io lo g ic a l com ponent (poxvirus re a c t iv a t io n ) .  S ince th e se  
re a c t iv a t io n  p ro c e s s e s  do no t in v o lv e  reco m b in a tio n  of any k in d , th ey  
a re  c la s s e d  a s  n o n -g e n e tic  in  o r ig in . W ith o th er ty p e s  of le th a l dam ag e , 
re a c t iv a t io n  of in v ia b le  v ira l p a r t ic le s  only  o ccu rs  under c o n d itio n s  of 
m u ltip le  in fe c tio n  (m u ltip lic ity  re a c tiv a tio n )  or by re s c u e  of m arkers 
during  m ixed in fe c tio n  w ith  a c tiv e  v iru s  (c ro ss  re a c t iv a t io n ) .  The la t te r  
ty p e s  of re a c tiv a tio n  in v o lv e  g e n e tic  in te ra c t io n  b e tw een  two or more 
v ira l p a r t ic le s  w ith in  an in fe c te d  c e l l ,  th u s  im plying  th a t th e  m echanism  
of re a c t iv a t io n  is  g e n e tic  in  o r ig in .
The m ajo rity  of th e s e  re a c tiv a tio n  p ro c e s s e s  w ere f i r s t  o b se rv ed  
during  s tu d ie s  on th e  rad io b io lo g y  of b a c te r io p h a g e  (Adam s, 1959).
P h o to rea c tiv a tio n
P h o to rea c tiv a tio n  (Adams, 1959; S ta h l, 1959) i s  an  exam ple of
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re a c t iv a t io n  by a p h y s ic a l  p ro c e ss  in  w hich  dam age c a u se d  by 
u l t r a v io le t  ir ra d ia tio n  c an  be  re p a ire d  by ex p o su re  to  in te n s e  v is ib le  
l ig h t .  D u lb ecco  (195 0) f i r s t  d e sc r ib e d  th e  phenom enon a f te r  o b serv ing  
th a t  phage  in a c t iv a te d  by u ltr a v io le t  c an  be r e a c t iv a te d , and m ade to  
p ro d u ce  p la q u e s , if  ex p o se d  to  b rig h t l ig h t .  P h o to rea c tiv a tio n  how ever 
on ly  o c c u rs  w hen th e  b a c te r iu m -p h a g e  com plex  is  i l lu m in a te d , and not 
w ith  e x tra c e l lu la r ly  illu m in a te d  phage or w ith  b a c te r ia  illu m in a ted  
b e fo re  in fe c t io n . The T2 p h ag es  show  th e  g re a te s t  d eg ree  of p h o to re a c ­
t iv a t io n .  The phenom enon c an  b e s t  be  in te rp re te d  in  one of tw o w a y s , 
e ith e r  th e  v is ib le  lig h t perform s som e fu n c tio n  w hich in  th e  dark  m ust 
be  c a r r ie d  ou t by th e  phage p a r t ic le ,  or the  v is ib le  lig h t e r a s e s  a frac tio n  
of th e  u ltr a v io le t  h its  in  th e  phage p o p u la tio n . S tah l (1959) m a in ta in s  
th a t  th e  w id e sp rea d  o c cu rren c e  of th e  e v e n t favours th e  seco n d  a l te rn a ­
t iv e  and  th e  ex p erim en ts  of L ennox , Luria and  B enzer (1954) d ire c tly  
su p p o rt th e  id e a  th a t  th e  re a c tiv a tio n  is  a d ire c t re p a ir  of u ltra v io le t 
d a m a g e . The phenom enon c an  occu r w ith  p la n t v iru s e s  (Bawden and 
K le cz k o w sk i, 195 2 , 1959), bu t so  far h a s  no t b een  d em o n stra ted  w ith  an 
an im al v i r u s .
C h em o rea c tiv a tio n
R eac tiv a tio n  can  be a c c o m p lish e d  by ch em ica l m e a n s . Krueger 
and  Baldw in (1934) found th a t  th e  in a c tiv a tio n  of S tap h y lo co ccu s  phage K
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by m ercu ric  c h lo rid e  co u ld  be re v e rse d  w ith  hydrogen  su p h id e .
K alm anson and  B ronfenbrenner(1943) rep o rted  th a t in c u b a tio n  w ith  
p a p a in  re s to re d  a c o lip h a g e , a lm o st co m p le te ly  n e u tra liz e d  w ith  a n ti­
body , to  i t s  o r ig in a l t i t r e .  A s im ila r  e ffe c t w as o b ta in ed  w ith  so n ic  
v ib ra tio n  by A nderson and D oerm ann (195 2) w ith  phage T3 n e u tra liz e d  
w ith  a n tib o d y . They co n c lu d ed  th a t  th e  h igh  freq u en cy  so n ic  v ib ra ­
tio n s  b roke th e  bonds lin k in g  th e  an tib o d y  m o lecu le s  to  th e  phage 
p a r t i c l e s .
M u ltip lic ity  R eac tiv a tio n
M u ltip lic ity  re a c tiv a tio n  of u l t r a v io le t- in a c t iv a te d  phage w as 
d is c o v e re d  by Luria (1947). He n o tic e d  th a t a b ac te riu m  in fe c te d  w ith  
a s in g le  U V -in a c tiv a te d  phage p a r tic le  d id not ly s e  or y ie ld  a c tiv e  p h ag e . 
H ow ever, w hen b a c te r ia  w ere in fe c te d  w ith  la rg e  num bers of U V -in ac tiv a ted  
phage p a r t ic le s  so  th a t  tw o or more p a r t ic le s  w ere ab so rb ed  to  th e  sam e 
h o s t c e l l ,  th e  m u ltip ly  in fe c te d  b a c te r ia  ly se d  and y ie ld e d  a c tiv e  phage 
p a r t i c l e s . Thus U V -irrad ia ted  phage p a r t ic le s  w hich  in d iv id u a lly  w ere 
u n ab le  to  r e p l ic a te ,  co u ld  c o o p e ra te  in  m u ltip le  in fe c tio n s  to  p roduce 
v ia b le  phage progeny.
M u ltip lic ity  re a c t iv a t io n  o c cu rs  w ith  phage T2, T4, T5 and 
T6, is  ra re ly  d e te c te d  w ith  T1 and  d o es  not o ccu r w ith  T3 and T7 
(Adam s, 1959). The m ajor dam age c a u s e d  by U V -irrad ia tio n  in v o lv e s
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ph ag e  n u c le ic  a c id  ra th e r  th an  phage p ro te in  (Bowen, 195 3) and is  
th e re fo re  g e n e tic  d am ag e . R epair of th is  dam age in  m ultip ly  in fe c te d  
c e l l s  by g e n e tic  reco m b in a tio n  forms th e  b a s is  of th e  v a rio u s  th e o rie s  
a d v a n c e d  by Luria (1947), Luria and  D u lb ecco  (1949) and B arrice lli 
(195 6 , 1960) to  ex p la in  th e  m echan ism  and  h igh  e ff ic ie n c y  of the  re a c ­
t iv a t io n  p ro c e s s .
Phage p re p a ra tio n s  in a c t iv a te d  by X -ray irra d ia tio n  (W atson ,
1950; W eig le  and  B e rtan i, 1956; H arm , 1958) can  be  m u ltip lic ity
re a c t iv a te d  to  th e  sam e e x te n t a s  U V -in ac tiv a ted  p h a g e s . The phenom enon
a ls o  o c cu rs  w ith  phage T2 in a c t iv a te d  by g a m m a -irra d ia tio n  (W eigle and
B e rta n i, 195 6 ), fo llow ing  fo rm a lin - in a c tiv a tio n  (M u s ta a rs , 1957) bu t not 
32a f te r  P - in a c t iv a t io n  (S tent and F u e rs t ,  1955). That m u ltip lic ity  
re a c t iv a t io n  sho u ld  o ccu r fo llow ing  m u ltip le  in fe c tio n  w ith  p h ag es  in a c ­
t iv a te d  by su ch  a v a r ie ty  of tre a tm e n ts  a ll  of w hich  a c t  in  d iffe ren t w a y s , 
a rg u e s  s tro n g ly  a g a in s t  a d ire c t  ch em ica l re v e rs a l  of th e  dam age and 
fav o u rs  th e  reco m b in a tio n  h y p o th e s is  to  ex p la in  m u ltip lic ity  r e a c t iv a t io n .
The phenom enon of m u ltip lic ity  re a c tiv a tio n  o ccu rs  a ls o  w ith  
an im al v iru s e s  and h a s  b een  e n co u n te red  by H en le  and Liu (1951) and 
Barry (1961) w ith  U V -irrad ia ted  in flu en z a  v iru s ,  and  p o s s ib ly  w ith  p o lio ­
m y e litis  v iru s  (D rake , 1958). Abel (1961) c o n s is te n tly  d em o n stra ted  
m u ltip lic ity  re a c tiv a tio n  of U V -irrad ia ted  v a c c in ia  v iru s  in  ch ick  fib ro ­
b la s t s  in  ex p erim en ts  e s s e n t ia l ly  s im ila r  in  d e s ig n  to  th o se  of Luria
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(1947) w ith  th e  T -ev en  p h a g e s , w hen he f i r s t  o b se rv ed  th e  phenom enon . 
H ow ever sh e  w as u n s u c c e s s f u l ,  a t  f i r s t ,  in  d em o n stra tin g  m u ltip lic ity  
re a c t iv a t io n  in  KB c e l l s  w hich  c o n ta in  te n  tim es  th e  volum e of ch ick  
f ib r o b la s ts .  This sh e  in te rp re te d  a s  due to  a to p o g rap h ic  fa c to r , show n 
by B resch  (1959) to  be of im p o rtan ce  in  phage re p lic a t io n . She argued  
th a t  s in c e  C a irn s  (1960) had  show n th a t  m u ltip le  in fe c tio n  of c e l l s  w ith  
v a c c in ia  v iru s  r e s u lte d  in  th e  form ation  of d is c r e te  fa c to r ie s  w hich m erge 
la te r  in  th e  grow th c y c le ,  and  s in c e  th e  e ffe c tiv e  c o o p e ra tio n  n e c e s sa ry  
for m u ltip lic ity  re a c tiv a tio n  can  o ccu r on ly  if th e  ir ra d ia te d  p a r tic le s  a re  
c lo s e  to g e th e r ,  su ch  a s i tu a tio n  w ould a r is e  more re a d ily  in  sm all th an  
la rg e  c e l l s .  This h y p o th e s is  re c e iv e d  su p p o rt w hen m u ltip lic ity  r e a c ­
t iv a t io n  w as in d u ced  in  th e  la rg e r KB c e l l s  w hen th ey  w ere in fe c te d  w ith  
v iru s  c lum ped  w ith  M g C l^ / to  e n su re  th a t th e  ir ra d ia te d  p a r tic le s  w ere 
lo d g ed  in  c lo s e  p roxim ity  to  each  o ther w ith in  th e  c e l l .
C ro ss  R ea c tiv a tio n
Like m u ltip lic ity  r e a c t iv a t io n ,  c ro s s  re a c tiv a tio n  of U V -irrad ia ted  
phage w as o r ig in a lly  d e sc r ib e d  by Luria (1947). The p ro c e ss  how ever 
in v o lv e s  th e  r e s c u e  of g e n e tic  m arkers from n o n -v ia b le  p a r tic le s  during 
m ixed in fe c tio n  w ith  v ia b le  p a r t ic le s  and  is  more a c c u ra te ly  d e sc r ib e d  
a s  " m arker re s c u e "  . The work of D oerm ann , C h a se  and  S tah l (1955) 
and Kreig (1959) w ith  T4 phage p ro v id es  good e v id e n c e  th a t th e  ir ra d ia tio n
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dam age  is  lo c a te d  in  the  phage gen o m e. M arkers h it d ire c tly  can n o t 
be  r e s c u e d  bu t undam aged  m arkers c an  be re s c u e d  by reco m b in a tio n  
w ith  liv e  phage p a r t ic le s  .
C ro ss  re a c tiv a tio n  in  th e  an im al v iru s  f ie ld  w as f i r s t  o b se rv ed  
by B urnet and Lind (1954) u sin g  h e a t- in a c t iv a te d  and a c tiv e  in flu en z a  A 
v ir u s ,  and  h a s  s in c e  b een  confirm ed  by Baron and Jen sen  (1955) and 
H irs t and  G o tlieb  (1956) u s in g  v iru s  in a c t iv a te d  by u ltra v io le t  l ig h t. 
S u b se q u en t work by Lind and  Burnet (1957a) and F ra se r (1959) le a v e s  
l i t t l e  doub t th a t  m arker r e s c u e  of in a c t iv a te d  in flu en z a  v iru s  by c lo s e ly  
re la te d  a c tiv e  v iru s  r e s u l ts  in  the  p roduction  of reco m b in an t ty p e s ,  but 
no t of v iru s  id e n tic a l  w ith  th e  in a c t iv a te d  p a re n t.
R ecen tly  Abel (1961) d em o n stra ted  c ro s s  re a c tiv a tio n  in  v a c c in ia  
a n d , u s in g  c h ick  f ib ro b la s t m o n o la y e rs , fo llow ed  the  re s c u e  of th e  j /  
m arker from U V -irrad ia te d , w ild  ty p e  ra b b itp o x  by tw o of th e  y_ m u tan ts  
of ra b b itp o x , y_l and  }j_2 (Gem m ell and F e n n e r, 1960).
Poxvirus R eac tiv a tio n
The f i r s t  o b se rv a tio n  of re a c t iv a t io n  of p o x v iru se s  w as m ade by 
Berry and D edrick  (19 36a) w hen th ey  re c o v e re d  a c tiv e  myxoma v iru s  from 
ra b b its  in je c te d  w ith  m ix tu res  of h e a t- in a c t iv a te d  myxoma and a c tiv e  
fib ro m a. This " tra n sfo rm a tio n * ', a s  i t  w as c a l le d ,  w as re p e a te d ly  c o n ­
firm ed by o th er w o rk e rs . It h a s  a ls o  b e en  d is c u s s e d  a t  some len g th  in
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th e  p rev io u s  s e c tio n  of th is  d is c u s s io n - re v ie w .
H ow ever u s in g  th is  sy s te m , fu rth e r a n a ly s is  of th e  m echanism  
of th e  re a c t io n  w as p rec lu d ed  by th e  irreg u la r  r e s u l t s ,  in c lu d in g  the  
o ccu rren ce  of " fibrom a-m yxom a" (Sm ith, 1952; K ilham , 1958) o b ta in ed  
w ith  in ta c t  a n im a ls .  W ith  K ilh a m 's  (1957, 1958) d em o n stra tio n  th a t 
" tran sfo rm a tio n "  cou ld  be e ffe c te d  in  t i s s u e  c u ltu re  in  a p re d ic ta b le  
fa s h io n , r e s u l t s  w ere much m ore re p ro d u c ib le . But even  w ith  th is  
te ch n iq u e  an  e x a c t q u a n tita tiv e  ap p ro ach  to  th e  problem  w as im p o s s ib le .
About th is  tim e F enner (1958, 1959) com m enced g e n e tic  s tu d ie s  
u s in g  v a c c in ia ,  an o th er p o x v iru s . W ith  th is  sy s te m  th e re  w as no d if f i­
c u lty  in  o b ta in in g  p u rif ied , h igh  t i t r e  s to c k s  of v iru s  and  in  s tu dy ing  i t  
q u a n ti ta t iv e ly . Also th e  d e fin itio n  (F enner, 1958) of a t l e a s t  five  d iffe r­
en t m arker c h a r a c te r is t ic s  for v a c c in ia  su g g e s te d  th a t  i t  m ight be a more 
su ita b le  a g e n t for th e  s tu d y  of th e  m echan ism  of th e  B erry -D edrick  
phenom enon th a n  th e  myxoma and fibrom a v i r u s e s .
a . R eac tiv a tio n  of v a c c in ia  s t r a i n s . W ith  th e  above  id e a  in  mind 
we a ttem p ted  (Fenner e t a l . 1959; Jo k lik , W oodroofe, H olm es and 
F enner, 1960) to  d em o n stra te  re a c tiv a tio n  u s in g  s tra in s  of v a c c in ia  
v iru s .  The s tra in s  o rig in a lly  s e le c te d  for in v e s t ig a tio n  w ere v a c c in ia -  
L ed e rle -7 N  (7N) and  ra b b itp o x  U trech t (RP) a s  th ey  w ere c lo se ly  
re la te d  s e ro lo g ic a l ly , b u t d iffe red  c o n s is te n t ly  in  th e  m orphology of 
pocks p roduced  on th e  c h o r io a lla n to ic  m em brane, h aem ag g lu tin in
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p ro d u c tio n , h e a t r e s i s ta n c e ,  le th a l i ty  for m ice and  th e  p roduction  
of sk in  le s io n s  in  ra b b its  (F enner, 1958). For th e  above  re a so n s  
a ls o  th e s e  tw o s tra in s  w ere u se d  by F enner and Com ben (1958) 
to  d e m o n stra te  reco m b in a tio n  of p o x v iru se s  an d , in  th is  c o n te x t , 
w ill b e  d is c u s s e d  in  a su b se q u e n t s e c tio n  of th is  d is c u s s io n - re v ie w .
The v iru le n t s t r a in ,  ra b b itp o x , w as u se d  a s  th e  h e a t - in a c ­
t iv a te d  a g e n t in  th e  m ajo rity  of re a c t iv a t io n  e x p e r im e n ts . For th e  
p re p a ra tio n  of h e a te d -ra b b itp o x  h igh  t i t r e  v iru s  p u rified  by gen e tro n  
e x tra c tio n  (G e ss le r  e t  a l .  195 6) w as in a c t iv a te d  w ith  th e  m inim al 
am ount of h e a t to  d e s tro y  in fe c t iv i ty .  This w as acco m p lish ed  by 
h e a tin g  fre sh ly  p repared  s u sp e n s io n s  a t 60° for 12 m inu tes or a t 55° 
for 2 1 /2  h o u rs .
A d e ta i le d  in v e s t ig a t io n  of th e  h e a t in a c t iv a tio n  of v a c c in ia  
v iru s  (W oodroofe, 1960) show ed  th a t  th e  above p rocedure  en su red  
e x p o n e n tia l in a c t iv a tio n  and  av o id ed  th e  1 ta ilin g  e ffe c t ' rep o rted  a t 
le n g th  by K aplan (1958). He o b se rv ed  th a t the rm al in a c tiv a tio n  of 
v a c c in ia  v iru s  over th e  tem p era tu re  ran g e  of 5 5 °  to  60° w as not a 
s im p le  f ir s t-o rd e r  p ro c e ss  and he in te rp re te d  th is  a s  in d ic a tin g  th a t 
th e  v ira l  p a r tic le s  w ere h e te ro g en e o u s  in  th e ir  h e a t s e n s i t iv i ty .  The 
h e a t - s e n s i t iv e  fra c tio n  show ed  f ir s t  o rder k in e t ic s ,  bu t the  h e a t -  
r e s i s ta n t  frac tio n  w as in a c t iv a te d  a t a c o n s ta n t  s lo w  ra te  over a
p e rio d  of h o u rs . Judging by th e s e  r e s u l ts  i t  w ould have  b een  v ir tu a lly
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im p o ss ib le  for us to  o b ta in  m in im ally  h e a te d  v iru s  free  of re s id u a l 
in f e c t iv i ty .
O c c a s io n a lly  we saw  e v id en c e  of a h e a t - r e s i s t a n t ,  v ira l 
frac tio n  and o b ta in e d  r e s u l ts  s im ila r  to  th o s e  of K ap lan . H ow ever, 
th is  anom alous e ffe c t on ly  a p p ea re d  w ith  v iru s  s u sp e n s io n s  s to red  
in  th e  re fr ig e ra to r for s e v e ra l  d ay s  be fo re  h e a t in g . Further e x p e ri­
m en ta tio n  show ed  th a t, during  s to ra g e  of c o n c e n tra te d  su sp e n s io n s  of 
v iru s  in  th e  liq u id  s t a t e ,  som e p h y s ic a l or ch em ica l ch an g e  occu rred  
w hich  g re a tly  in c re a s e d  th e  h e a t s ta b i l i ty  of a sm all p roportion  of th e  
v ira l p a r t ic le s .
On th e  o th er h an d , fre sh ly  p rep ared  v iru s  w hen h e a t- in a c t iv a te d  
a lw ay s show ed  f i r s t  o rder k in e tic s  and  no r e s is ta n t  frac tio n  w as ever 
found . C onfirm ation  of th e s e  f in d in g s  w as re p o rted  by H ahon and 
K ozikow ski (1961). W hile  a ttem p tin g  to  c h a ra c te r iz e  the  therm al 
in a c tiv a tio n  of v a r io la  v iru s  th ey  no ted  a f ir s t-o rd e r  re a c tio n  w ith  v iru s  
s to red  a t -6 0 °  and re p o rted  a tw o -co m p o n en t cu rv e  w ith  v iru s  s to red  
a t 4 ° .
S im ilar tw o -co m p o n en t in a c t iv a tio n  cu rv es  w ere found during 
th e  h e a t- in a c tiv a t io n  of p o lio v iru s  a t 54° by Koch (1960). In th e se  
ex perim en ts  h e a tin g  a t  54° d en a tu red  th e  p ro te in  c o a t of the  v ira l 
p a r tic le  bu t le f t  th e  v ira l  RNA in ta c t .  The 'ta i l in g  e ffe c t ' w as th e re ­
fore due to  th e  r e le a s e  of free  RNA w ith  low  in fe c tiv e  e f f ic ie n c y .
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S u b se q u en t tre a tm e n t of th e  h e a te d  p re p a ra tio n s  w ith  RNAse r e ­
su lte d  in  th e  co m p le te  lo s s  of in fe c tiv ity  and f i r s t  o rder in a c t iv a tio n  
c u rv e s  r e s u l te d .  In a s im ila r  v e in , fu rth e r ex p erim en ts  w ere c a rr ie d  
ou t w ith  the  v a c c in ia  sy s tem  b u t th e  'ta i l in g  e ffe c t ' o b se rv ed  h e re  
w ith  v iru s  s to re d  a t  4 °  co u ld  n o t be ex p la in ed  a s  due to  fre e  DNA 
(W oodroofe, u n p u b lish e d  r e s u l t s ) .
Before be in g  u se d  in  re a c t iv a t io n  e x p e rim en ts , th e  h e a te d -  
ra b b itp o x  p re p a ra tio n s  w ere c h ec k e d  for la ck  of in fe c tiv ity  by in o c ­
u la tio n  d ire c tly  on to  th e  c h o r io a lla n to ic  m em brane and  a f te r  p a s s a g e  
of th e  m em b ran es . This is  th e  m ost s e n s i t iv e  t e s t  for th e  d e te c tio n  
of any  re s id u a l v iru s  (Jok lik , W oodroofe, H olm es and F en n er, 1960).
The re a c t iv a t io n  of h e a t- k i l le d  v a c c in ia  by a c tiv e  v iru s  w as 
f i r s t  a cc o m p lish e d  in  m ouse b ra in  (Jok lik , W oodroofe, H olm es and 
F en n er, 1960). Follow ing th e  in o c u la tio n  of h e a te d  RP and a c t iv e  7N 
in tra c e re b ra lly  in to  m ice, a c tiv e  v iru s  in d is tin g u is h a b le  from RP in  a l l  
i t s  g e n e tic  m arkers w as re c o v e re d , a s  e a r ly  a s  18 hours a f te r  in o c ­
u la t io n , from h o m o g en a tes  of b ra in  t i s s u e  a s s a y e d  on th e  CAM. A 
few  c lo n e s  of v iru s  in d is tin g u is h a b le  from th e  a c tiv e  p a re n t (7N) 
w ere a lso  re c o v e re d  in  th e  e a r ly  s ta g e s  of in fe c tio n , and  la te r  h ig h ly  
v iru le n t reco m b in an t c lo n e s  w ere i s o la te d .  This re a c tiv a tio n  of 
h ea ted -R P  by a c tiv e  7N in  m ouse  b ra in  w as d ire c tly  co m p arab le  to  
th e  fibrom a-m yxom a 'tra n s fo rm a tio n ' for l iv in g , v iru le n t v iru s  w as 
re c o v e re d  from an  an im al in je c te d  w ith  a m ix ture  of h e a t - in a c t iv a te d  
v iru le n t  v iru s  and  an a c t iv e ,  c lo s e ly - r e la te d ,  a tte n u a te d  s tra in  —
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th e  an im al p rov id ing  a s e le c t iv e  env ironm ent for the  grow th of th e  
v iru le n t o rg a n ism . H ow ever, th e  v a c c in ia  sy s tem  h as  the  g re a t 
a d v a n ta g e  over th e  fibrom a-m yxom a sy s tem  of perm itting  is o la t io n  
of in d iv id u a l c lo n e s  of v iru s  by p la tin g  on th e  CAM w ith  th e  s u b s e ­
q u en t re c o g n itio n  of p a re n ta l and reco m b in an t ty p e s .
M ouse  b ra in  is  no t th e  only  env ironm ent in  w hich  re a c t iv a ­
tio n  of h e a te d  v iru s  c a n  o c cu r , and th e  phenom enon h as  b een  s u c c e s s ­
fu lly  d e m o n stra ted  in  t i s s u e  cu ltu re  u s in g  many d iffe re n t ty p e s  of 
c e l l s ,  su ch  a s  H eLa, KB or ch ick  f ib ro b la s ts  w hich  su p p o rt the  
grow th of b o th  v i r u s e s .  R eac tiv a tio n  a ls o  o ccu rs  d ire c tly  on the  
c h o r io a lla n to ic  m em b ran e .
To d ig re s s  a l i t t l e ,  th is  l a s t  te ch n iq u e  h a s  b e en  u se d  e x te n ­
s iv e ly  in  a l l  our in v e s t ig a tio n s , a s  th e  c h o r io a lla n to ic  m em brane h as  
th e  ad v an ta g e  of perm itting  th e  d ire c t o b se rv a tio n  of re a c tiv a tio n  w ith ­
ou t th e  n e c e s s i ty  of p a s s a g e .  Follow ing th e  s im u lta n eo u s  in o c u la tio n  
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of ab o u t 10 pfu of h e a te d -ra b b itp o x  and  ab o u t 20-30  pfu of a c tiv e  
7N onto  th e  c h o r io a lla n to ic  m em brane, ab o u t h a lf  th e  pocks d ev elop ing  
tw o days la te r  w ere th e  _u+ type  c h a r a c te r is t ic  of r e a c t iv a te d ,  h e a te d -  
ra b b itp o x , th e  o th e r h a lf  w ere p a re n ta l 7N or re c o m b in a n ts . From the  
d ire c t  p la t in g s , c lo n e s  of v iru s  w ere re a d ily  is o la te d  and  th e ir  
m arker c h a r a c te r is t ic s  id e n tif ie d  w ith  a m inim al am ount of e ffo r t.
This s im p le , d ire c t  te c h n iq u e  w as th e re fo re  u se d  very  e x te n s iv e ly
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for d em o n stra tin g  th e  re a c t iv a t io n  of h e a te d  v iru s  by a l l  o th e r 
p o x v iru se s , and la te r  to  e s ta b l is h  th e  g e n e ra lity  of th e  phenom enon 
of poxv irus r e a c t iv a t io n .  This p rocedu re  f a c i l i ta te d  th e  is o la t io n  
and id e n tif ic a tio n  of th e  progeny v iru s  from h y b rid iza tio n  s tu d ie s  
b e tw een  s e v e ra l  d iffe ren t p o x v iru s e s . It a ls o  form ed th e  b a s is  of 
d ire c t  a s s a y  m ethods for de term in ing  th e  r e a c t iv a b il i ty  of d iffe ren t 
b a tc h e s  of v iru s  in a c t iv a te d  in  v a rio u s  w ays by ex p o su re  to  h e a t ,  
u re a , n itro g en  m u stard  and o th e r a lk y la tin g  a g e n ts .
A lm ost s im u lta n e o u s ly  w ith  our f i r s t  re p o rt (Fenner e t a l .
1959) of th e  re a c tiv a tio n  of h e a t- in a c t iv a te d  p o x v iru se s , a s im ila r 
r e s u l t  w as in d e p en d e n tly  re p o rted  from Jap a n . H an afu sa  e t  a l .
(1959a, 1959b, 1959c) rep o rted  th e  re a c tiv a tio n  of h e a t- k i l le d  
v a c c in ia  by liv e  e c tro m e lia  in  c u ltu re s  of L c e l l s ,  H eLa, FL c e l l s  
and on th e  c h o r io a lla n to ic  m em b ran e . Like us th e y  found re a c tiv a tio n  
o ccu rred  in  any c e l l s  su p p o rtin g  th e  grow th  of bo th  v i r u s e s .  The 
liv e  v a c c in ia  v iru s ,  w hich  ap p ea red  w ith in  48 h o u rs , w as id e n tif ie d  
by i t s  p a th o g e n ic ity  for m ice and  r a b b i ts ,  i t s  re la t iv e  h e a t s ta b i l i ty ,  
i t s  c y to p a th o g en ic  e ffe c t in  t i s s u e  c u ltu re  and  th e  s iz e  and a p p e a r­
an ce  of i t s  p la q u e s .
b .  The ran g e  of re a c tiv a tin g  v i r u s e s . Follow ing th e  in i t ia l  
d em o n stra tio n  of th e  re a c tiv a tio n  of h e a te d  RP by a c tiv e  7N , e x te n s iv e
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ex p erim en ts  (Fenner and  W oodroofe, 1960), p redom inan tly  on the 
CAM and u s in g  a w ide v a rie ty  of p o x v iru se s , w ere c a rr ie d  out to  
confirm  th e  g e n e ra li ty  of th e  phenom enon . T hese e s ta b l is h e d  the  
fa c t  th a t any  h e a t- in a c t iv a te d  poxv irus can  be re a c tiv a te d  by any 
o th e r poxv iru s if  p la c e d  to g e th e r in  an env ironm ent w here bo th  c an  
m u ltip ly . Thus th e  re a c tiv a tio n  of h e a te d -ra b b itp o x , h e a te d -v a c c -  
in ia  and  h e a te d -c o w p o x  w as in d u ced  by s in g le - s te p  m u tan ts  
(Gem m ell and  F en n er, 1960), by o th e r m am m alian p o x v iru se s  and 
by th e  m ore d is ta n t  m em bers of th e  poxgroup su ch  a s  m yxom a, fib ­
rom a, fow lpox  and  c o n tag io u s  p u s tu la r  d e rm a titis  v iru s .  H ow ever, 
th e  sam e h e a te d  p re p a ra tio n s  w ere n o t re a c t iv a te d  by a c tiv e  ag en ts  
be iong ing  to  o th e r g roups su ch  a s  r i c k e t t s i a ,  p s i t ta c o s is  v iru s , 
in fe c tio u s  la ry n g o tra c h e it is  v iru s , h e rp e s  s im p lex  v i r u s , in flu en z a  
v iru s , Rous sarco m a v iru s  or M urray V alley  e n c e p a h lit is  v iru s .
T hese r e s u l ts  w ere in d e p en d e n tly  confirm ed by H an afu sa  e t a l . (1959d) 
u s in g  th e  u n re la te d  v iru s e s  in flu en z a  NWS and HVJZ, h e rp e s , m e a s le s  
and  p o lio m y e litis  v i r u s e s .  Thus re a c tiv a tio n  w as e s ta b lis h e d  a s  
a g e n e ra l phenom enon co n fin ed  to  th e  poxv irus g ro u p .
In th e  c o u rse  of som e of th e  above re a c tiv a tio n  ex p erim en ts  
reco m b in an ts  w ere o b ta in ed  w ith  g re a t re g u la r ity  (W oodroofe and 
F en n er, 1960), bu t d is c u s s io n  of th is  a s p e c t  of th e  work w ill be d e a lt
w ith  in  th e  n e x t c h a p te r .
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c .  The m ech an ism  of poxv irus r e a c t iv a t io n . The s u c c e s s fu l  
d em o n stra tio n  of re a c t iv a t io n  w ith  so m any d iffe ren t co m b in a tio n s  
of p o x v iru se s  and th e  o b se rv a tio n  th a t  th e  phenom enon w as co n fin ed  
to  th e  poxv irus group led  to  th e  n e x t im p o rtan t q u e s tio n  : how  is
re a c tiv a tio n  acc o m p lish e d  ? Is  i t  a c o n se q u e n c e  of g e n e tic  in te r ­
a c tio n  or is  i t  due to  som e n o n -g e n e tic  m echan ism  ?
The fa c t  th a t  re a c tiv a tio n  w as co n fin ed  to  th e  poxgroup 
a u to m a tica lly  su g g e s te d  th a t  i t  w as a g e n e tic  phenom enon and th a t 
g e n e tic  hom ology of th e  re a c ta n ts  w as e s s e n t i a l .  In keep in g  w ith  
th is  id e a  w as th e  im p lic a tio n  (Burnet, 1959b, 1960) of som e so rt 
of g e n e tic  in te ra c t io n  to  e x p la in  th e  fibrom a-m yxom a tra n s fo rm a tio n .
On th e  o th er h an d , th e  a n a ly s is  of r e a c t iv a te d  pocks pro­
duced  from m ix tu res  of h e a te d -ra b b itp o x  and a c tiv e  v iru s e s  a s  d iv e rse  
a s  myxoma and fow lpox , in v a ria b ly  y ie ld e d  v iru s  in d is tin g u is h a b le  
from th e  h e a te d -c o m p o n e n t, ra b b itp o x , in  a ll  th e  c h a ra c te rs  t e s t e d .  
No m arker of th e  re a c tiv a tin g  a g e n t w as ev er fo u n d . This im plied  
th a t re a c tiv a tio n  w as not due to  reco m b in a tio n  bu t w as acco m p lish ed  
by som e n o n -g e n e tic  m ech an ism , w hich  sim ply  re p a ire d  th e  dam age 
su s ta in e d  by th e  h e a te d  v i r u s .
Jo k lik , Abel and H olm es (1960) p roduced  ex p erim en ta l proof 
th a t th e  re a c t iv a t io n  of h e a t - in a c t iv a te d  p o x v iru se s  w as by a n o n - 
g e n e tic  m ech an ism  and p o s s ib ly  due to  p ro te in . This c o n ce p t w as
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a c o m p le te  v o lte  fa c e  from th e  h is to r ic a l  id e a  of " tran sfo rm atio n "  
u s u a lly  ev o k ed  to  e x p la in  th e  B erry -D edrick  phenom enon . The 
re c o v e ry  of c lo n e s  of v iru s  from re a c tiv a t io n  ex p erim en ts  having  a ll  
th e  know n g e n e tic  m arkers of th e  h e a t- in a c t iv a te d  a g e n t su g g e s te d  
th a t  in a c t iv a t io n  by h e a t d o es  no t d e s tro y  th e  DNA of th e  v ira l p a r­
t i c l e s .  The s tu d ie s  of M arm ur and D oty (1959) w ith  DNA deriv ed  
from m any d if fe re n t so u rc e s  a ls o  confirm  th e  re la t iv e  h e a t s ta b i l i ty  
of DNA. On th e  o th er h an d , p ro te in s  a re  u s u a lly  le s s  s ta b le  th an  
DNA to  h e a t ,  so  i t  seem ed  m ost lik e ly  th a t  th e  a c tiv e  v iru s  su p p lied  
an  e s s e n t i a l  p ro te in  w hich  had  b een  d e s tro y ed  in  the  h e a te d  com pon­
e n t .  To t e s t  th is  h y p o th e s is ,  Abel (p e rso n a l com m unication) su g g e s te d  
th a t  v iru s  w hose  DNA w as s e le c t iv e ly  in a c t iv a te d  by u l tr a v io le t-  
ir ra d ia tio n  m igh t re p la c e  a c tiv e  v iru s  a s  th e  re a c tiv a tin g  a g e n t, in  
w h ich  c a s e  th e  g en o ty p e  of th e  h e a t- in a c t iv a te d  v iru s  only  shou ld  
r e p l ic a t e .  In p ra c tic e  h o w ev er, re a c tiv a tio n  w as in c o n s is te n t  
(F enner and  H o lm e s , p e rso n a l com m unication) p robab ly  b e c a u se  u ltra ­
v io le t  l ig h t is  n o t a sp e c if ic  DNA po iso n  b u t p a r tia lly  in a c t iv a te s  th e  
p ro te in  a s  w e ll (S in sh e im er, 1955). H an afu sa  (1960) o b ta in ed  no 
e v id e n c e  of re a c t iv a t io n  u sin g  u l t r a v io le t- in a c t iv a te d  v iru s  in  p la c e  
of a c t iv e  v i r u s .
In an  e le g a n t s e r ie s  of e x p e r im en ts , Jo k lik , Abel and 
H olm es (1960) u se d  n itro g en  m u sta rd , d i(2 -ch o ro e th y l)m eth y lam in e
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to  in a c t iv a te  DNA and found th a t  RP or 7N in a c t iv a te d  w ith  th is  
a g e n t co u ld  r e a c t iv a te  h e a te d -7 N  or h e a te d -R P , and  th e  progeny 
v iru s  re ta in e d  a l l  th e  g e n e tic  m arkers of th e  h e a te d  p a re n t.
N itrogen  m u stard  w as a good c h o ic e  of a g e n t to  in a c t iv a te  DNA 
s p e c if ic a l ly  b e c a u s e ,  a lth o u g h  th e  m u sta rd s  can  com bine w ith  
p ro te in , they  te n d  to  r e a c t  p re fe re n tia lly  w ith  n u c le ic  a c id s .  For 
th is  re a s o n , to o , th e y  h av e  b een  w ide ly  u se d  in  phage work 
(L o v eless  and S to ck , 1959a, 1959b) and in  s tu dy ing  th e  in a c tiv a tio n  
of th e  transfo rm ing  p rin c ip le  of b a c te r ia  (H errio tt ,1948 ; Zam enhof, 
L e idy , Hahn and  A lex an d er, 1956). H olm es (1961) in  an  e x te n s iv e  
s e r ie s  of ex p erim en ts  a ls o  found n itro g en  m u stard  m uch su p erio r to  
o th e r a lk y la tin g  a g e n ts  su c h  a s  th e  e th y le n e im in e s , B -p ro p io lac to n e  
and  ep o x id es  for th e  s p e c if ic  in a c t iv a tio n  of DNA. H is p rep a ra tio n s  
tre a te d  w ith  n itro g en  m u sta rd  s t i l l  re ta in e d  a h igh  re a c tiv a tin g  
e ff ic ie n c y , d e s p ite  la ck  of in fe c t iv i ty .
M ore s o p h is t ic a te d  proof th a t during re a c tiv a tio n  the  r e a c ­
tiv a tin g  v iru s  p ro v id es  som e e s s e n t ia l  n o n -g e n e tic  m a te ria l lack in g  
in  the  h e a te d  v iru s  cam e from ex p erim en ts  (Jok lik , Abel and  H o lm es, 
1960) u sing  th e  c lo s e ly  r e la te d ,  w h ite  m u tan ts  o f ra b b itp o x  (Gem m ell 
and F enner, 1960) RPul and  RPu8 a s  h e a te d  p a re n ts  and th e  w ild  type  
(RPu+ ) a s  the m u s ta rd - tre a te d  p a re n t. U se  of th e s e  s in g le - s te p  
m u tan ts  prov ided  th e  m ost s e n s i t iv e  m ethod a v a ila b le  for d e tec tin g
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w h e th e r th e  genom e of th e  m u s ta rd - tre a te d  p a ren t w as co m p le te ly  
a b s e n t  from th e  p ro g en y . G em m ell and C a irn s  (1959) show ed th a t 
th e s e  ii m u ta n ts , w ith  th e ir  c h a r a c te r is t ic  w h ite  pock , d iffe r only 
a t  a s in g le  g e n e tic  s i te  from the w ild  ty p e  (RPu+ ) .  On th e  c h o rio ­
a l la n to ic  m em brane, th e  w ild  ty p e , w ith  i t s  ty p ic a l red  pock , 
w ill ou tg row  bo th  m u tan ts  (Gem m ell and F en n er, 1960) ; th e re fo re , 
if  u s e d  to g e th e r, su ch  a sy stem  sho u ld  d e te c t  th e  u+ m arker i f  i t  su r­
v iv e s .  H ow ever, w hen e ith e r  heated-R Pu.1 or h ea ted -R P u 8  w ere 
r e a c t iv a te d  w ith  m u s ta rd - tre a te d  RPu+ on th e  c h o r io a lla n to ic  mem­
b ra n e , th e  u+ m arker fa ile d  to  a p p ea r and  a l l  th e  progeny v iru s  r e ­
sem b led  th e  h e a te d  p a re n t. The p ro d u c tio n  of a c tiv e  v iru s  id e n tic a l  
w ith  th e  h e a te d  com ponen t from m ix tu res  of tw o in e r t  p a r t ic le s ,  one 
w ith  i t s  p ro te in  c o a t d e s tro y e d  by h e a t and th e  o th e r w ith  i ts  DNA 
d e s tro y e d  by n itro g e n -m u s ta rd , su p p o rts  th e  v iew  th a t th e  re a c tiv a tin g  
v iru s  p ro v id es  som e e s s e n t ia l  n o n -g e n e tic  m ate ria l, p o s s ib ly  p ro te in , 
w h ich  is  la ck in g  in  h e a te d  v iru s .
The J a p a n e se  w orkers (H an afu sa  e t a l . 1959c, 1959d; 
H a n a fu sa , 1960) a ls o  s u g g e s te d  th a t re a c tiv a tio n  of p o x v iru se s  w as 
n o t a c c o m p lish e d  by g e n e tic  in te ra c t io n  b u t w as brought abou t by a 
n o n -g e n e tic  m e ch an ism . They v is u a l iz e d  th e  a c tiv e  v iru s  supp ly ing  
som e p ro te in  com ponent w hich  th e  in a c t iv e  com ponent had lo s t  during
h e a t  in a c t iv a t io n .  Like u s ,  th e y  c o n s id e re d  th e  p o s s ib i l i ty  th a t  the
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ag en t c a p a b le  of re a c tiv a tin g  h e a te d  v iru s  n eed  no t a lw ay s  be 
a c tiv e  v i ru s .  To prove th is  p o in t, H an afu sa  (1960) u n s u c c e s s fu lly  
a ttem p ted  to  r e a c t iv a te  h e a te d -v a c c in ia  v iru s  w ith  U V -irrad ia ted  
ec tro m elia  v i ru s .  H ow ever, he m a in ta in ed  th a t  th e s e  r e s u l ts  did 
no t e x c lu d e  th e  p o s s ib i l i ty  th a t  som e a g en t o th e r than  a c tiv e  v iru s  
m ight be c a p a b le  of re a c tiv a tin g  h e a t- in a c t iv a te d  v i r u s .
The e f fe c ts  of v a rio u s  p h y s ic a l ,  ch em ica l and enzym ic 
tre a tm e n ts  on th e  h e a te d  v iru s  w as s tu d ie d  by Jo k lik , H olm es and 
Briggs (1960) and  H an afu sa  (1960) in  o rder to  o b ta in  som e in fo rm ation  
abou t th e  s p e c if ic  g ro u p in g s  p re se n t in  the  h e a te d  or re a c tiv a b le  
co m p o n en t. Jo k lik , H olm es and  Briggs (1960) show ed  th a t  h e a te d  
v iru s  w as re la t iv e ly  h e a t s ta b le  and  co u ld  be h e a te d  a t 55 ° for more 
th an  7 hours b e fo re  th e  c a p a c ity  for re a c tiv a tio n  w as m arkedly  red u ced  
bu t th is  w as d e s tro y e d  in  a few  m in u tes  a t  6 0 ° . The c a p a c ity  for 
re a c tiv a tio n  w as a ls o  u n a ffe c te d  by enzym ic  d ig e s t io n  w ith  try p s in  
and DNAse a t  pH 11 , p e p s in  a t  pH 3 .5  and p ap a in  a t  pH 7 . 5 ,  
d e sp ite  th e  fa c t  th a t  e le c tro n  m icrog raphs of som e of th e s e  p a r tic le s  
show ed c o n s id e ra b le  m o rp h o lo g ica l c h a n g e s  a s s o c ia te d  w ith  the  
rem oval of a la rg e  p a rt of th e  ou te r reg io n  of th e  v iru s . W hile  m ild 
p ro te in  d e n a tu ra n ts  su ch  a s  h e a t  and u rea  w ere very  e ff ic ie n t in  
converting  v iru s  to  th e  r e a c t iv a b le  form , more s e v e re  p ro te in  d e n a tu r­
ing a g en ts  su ch  a s  sodium  d o d ecy l su lp h a te  co m p le te ly  d e s tro y ed  r e a c -
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t iv a b i l i ty .  Thus h e a te d  bu t re a c t iv a b le  v iru s  is  p robab ly  in  a 
form in  w hich  th e  p ro te in  n e c e s s a ry  for in fe c tiv ity  h a s  b een  d e ­
n a tu re d , b u t th e  v iru s  p robab ly  s t i l l  c o n ta in s  som e u n a lte re d  
p ro te in  c o n s t i tu e n ts  a s  w e ll a s  i t s  fu n c tio n a lly  in ta c t  DNA. During 
re a c tiv a tio n  i t  is  th e  p ro te in  a s s o c ia te d  w ith  in fe c tiv ity  w hich  is  
su p p lied  e ith e r  by a c tiv e  v iru s  or by v iru s  in  w hich  only  th e  DNA 
h as b een  in a c t iv a te d .  H a n a f u s a 's  (1960) ex p erim en ts  w ith  v a rio u s  
enzym e tre a tm e n ts  and u ltr a v io le t  ir ra d ia tio n  a ls o  confirm ed  th a t 
the  v ira l genom e is  u n ch an g ed  by h e a t- in a c t iv a t io n  and  i t  is  m ain ly  
th e  p ro te in  po rtio n  th a t  is  d am ag ed .
d . U se  of th e  term  ‘r e a c t iv a t io n 1 . The p rev io u s  d is c u s s io n  
le a v e s  l i t t l e  doub t th a t  re a c t iv a t io n  o f h e a t- k i l le d  v iru s  by a c tiv e  
v iru s  is  a g e n e ra l phenom enon so  fa r on ly  d em o n strab le  w ith  pox­
v iru se s  (Fenner and W oodroofe , 1960). I t a ls o  im p lie s  th a t  th e  fib rom a- 
myxoma " tran sfo rm a tio n "  , w hich  w as th e  f i r s t  exam ple  of th e  e v e n t, 
is  a s p e c ia l  c a s e  of th is  g e n e ra l phenom enon am o n g st p o x v iru se s  and 
not m erely  due to  a s p e c if ic  in te ra c t io n  b e tw een  th e  tw o v i r u s e s .  
D e sp ite  K ilh a m 's  (1960) re te n tio n  of th e  term  " tran sfo rm a tio n "  on 
h is to r ic a l  g rounds we m a in ta in , and th e  Ja p a n e se  w orkers (H an afu sa , 
1960) now  a g re e , th a t  th e  term  re a c tiv a tio n  d e s c r ib e s  th e  phenom enon 
more a c c u ra te ly .  C om ple te  rep ro d u c tio n  of th e  genom e of th e  h e a te d  
v iru s  can  be b rough t ab o u t by a d iv e rs e  a rray  of a c tiv e  v i r u s e s .
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T herefo re  i t  i s  m ore p la u s ib le  and sim p le r to  reg a rd  th is  a s  th e  
r e a c t iv a t io n  of th e  h e a te d  v iru s  by th e  a c tiv e  a g e n t, ra th e r  than  
" tra n sfo rm a tio n "  of e a c h  of the  d iffe re n t a c tiv e  v iru s e s  in  turn  
in to  so m eth in g  in d is t in g u is h a b le  from  th e  h e a te d  co m p o n en t.
The d e m o n stra tio n  of th e  re a c tiv a tio n  of h e a te d  v iru s  by 
m u s ta rd - tre a te d  v iru s  (Jok lik , Abel and H olm es 1960) w ould a lso  
su p p o rt th e  v iew  th a t th e  phenom enon is  one of re a c t iv a t io n  of the  
h e a te d  com ponen t ra th e r  th an  " tran sfo rm a tio n "  a s  u se d  by th e  
b a c te r ia l  g e n e t i c i s t s .
e .  A com ponent of th e  'NP antigen* common to  a ll  m em bers 
of th e  poxv irus g ro u p . I t i s  in te re s t in g  to  s p e c u la te  abou t th e  re a so n  
for th e  sh arp  c le a v a g e  b e tw een  m em bers of th e  poxv irus group w hich  
a re  c a p a b le  of re a c t iv a t in g  h e a te d  v iru s  and the  m any o th e r s tra in s  of 
v iru s  in c a p a b le  of p a rtic ip a tin g  in  th e  e v e n t .  Is i t  p o s s ib le  th a t  a ll  
th e  p o x v iru se s  p o s s e s s  som e fa c to r  in  com m on, p e rh ap s an a n tig e n ic  
co m p o n en t, w hich  may be th e  o p e ra tiv e  com ponent in  re a c tiv a tio n  ?
A p o s s ib le  c o rre la tio n  b e tw een  s e ro lo g ic a l c ro s s in g  and 
re a c t iv a t io n  w as in fe rred  by H an afu sa  e t a l .  (1959a, 1959b) fo llow ing 
th e  re p o rt of T ak ah ash i e t  a l . (1959) th a t  th e  p o x v iru se s  c a p a b le  of 
re a c t iv a t in g  h e a t - k i l le d  v a c c in ia  v iru s  w ere a n tig e n ic a lly  re la te d  and  
s tro n g  c r o s s - r e a c t io n s  w ere d em o n strab le  by com plem ent f ix a tio n  
t e s t s  and  f lu o re s c e n t an tib o d y  s ta in in g .  H ow ever, i t  is  g e n e ra lly
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b e lie v e d  (D ow nie and D um bell, 1956; F enner and Burnet, 1957;
W eb s te r , 1958; M ayr, 1959) th a t ,  w h ile  th e re  a re  s e v e ra l  subgroups 
of s e ro lo g ic a lly  r e la te d  v iru s e s  w ith in  th e  poxv irus g roup , th e re  a re  
no c ro s s  re a c tio n s  b e tw een  th e  d iffe re n t su b g ro u p s .
The l a s t  paper p re sen te d  in  th is  th e s i s  (W oodroofe and 
F enner, 1961) a tte m p ts  to  c la r ify  th e  d is c re p a n c y  in  th ese  fin d in g s  
and to  p o in t to  a common com ponent w hich  may be  re s p o n s ib le  for 
in it ia tin g  re a c t iv a t io n .  A co m p reh en s iv e  s e r ie s  of im m unolog ica l 
te s t s  in c lu d in g  com plem ent f ix a tio n , g e l-d if fu s io n  p re c ip ita tio n , 
h a e m a g g lu tin in - in h ib itio n , p laq u e  and  egg n e u tra liz a tio n s  and 
f lu o re s c e n t an tib o d y  s ta in in g  w ere c a r r ie d  o u t. S ince  th e s e  t e s t s  
w ere p rim arily  co n ce rn ed  w ith  th e  re a c tio n s  of th e  so lu b le  and 
su rface  a n tig e n s  of th e  v a rio u s  v i ru s e s ,  th ey  d e m o n stra ted  th e  u s u a l ,  
and a c c e p te d , c ro s s  re a c t io n s  b e tw een  v a c c in ia ,  cow pox and e c tro -  
m e lia , and  th o s e  b e tw een  myxoma and  fib rom a, bu t in d ic a te d  no 
c ro s s - r e a c t io n s  b e tw een  th e  d iffe ren t su b g ro u p s . T hese  fin d in g s  
d id not confirm  th e  e x p e rim en ta l r e s u l ts  of T ak ah ash i e t  a l . (1959). 
H ow ever, e le c tro n  m icro g rap h s of p o x v iru se s  (M organ e t a l . 1954; 
F le w e tt, 1956; E p s te in , 1958; P e te rs , 1960) show  a com plex  s tru c tu re  
w hich w ould im ply th e  p o s s e s s io n  of m any d iffe ren t a n tig e n s , som e 
being  su rfa c e  com ponen ts  o th e rs  be ing  more d e e p s e a te d ,  p o ss ib ly
n u c leo p ro te in  in  o r ig in . By fo llow ing  th e  m ethod of Sm adel e t a l .
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(1942) th e  n u c le o p ro te in  or NP a n tig e n  w as e x tra c te d  from bo th  
v a c c in ia  and  myxoma v iru s e s  and  w as show n to  c ro s s  r e a c t  in  
rin g  p re c ip itin  t e s t s  w ith  a l l  a v a ila b le  poxv irus a n t i s e r a .  T hus, 
an  an tig e n  know n for a c o n s id e ra b le  tim e  w as shown to be common 
to  a l l  m em bers of th e  poxvirus g ro u p . The p o s s e s s io n  of th is  
common com ponen t i s  p robab ly  an im p o rtan t p re re q u is ite  de term in ing  
th e  s u c c e s s  of th e  re a c t iv a t io n  of h e a te d  v iru s  by a l l  o th e r m em bers 
of th e  poxv iru s g ro u p .
f .  R e a c tiv a tio n  of a z id e - in h ib ite d  v iru s  . R ecen tly  the 
re a c t iv a t io n  of v a c c in ia  v iru s  in a c t iv a te d  in  th e  p re se n c e  of sodium  
a z id e  by a c t iv e ,  c lo s e ly - r e la te d  s tra in s  of th e  v a c c in ia -v a r io la  group 
w as rep o rted  by E aste rb ro o k  (1961b). He show ed  th a t su p e r in fe c tio n  
w ith  RPu+ of KB c e l l s  in fe c te d  w ith  V a c c in ia -M ill  H ill , and  in c u b a ted  
w ith  a z id e , re s u l te d  in  th e  1 r e s c u e ' of a l l  th e  a z id e -b lo c k e d  v iru s .  
U sing  th e  more d is ta n t  myxoma v iru s  1 r e s c u e ' of th e  a z id e -b lo c k e d  
v iru s  d id  no t o c c u r . S in ce  ' re s c u e ' w as only  p o s s ib le  by c lo s e ly -  
r e la te d  s t r a in s ,  th e  m echan ism  of th e  re a c tiv a tio n  p ro c e ss  w as 
p robab ly  co m p arab le  to  m a rk e r-re sc u e  by re c o m b in a tio n . He a lso  
n o ted  th a t th e  a d d itio n  of h e a t- in a c t iv a te d  v iru s  to  c e l l s  co n ta in in g  
a z id e -b lo c k e d  v iru s  re s u lte d  in  re a c t iv a t io n  of th e  h e a te d  v iru s  and
th e  liv e  v iru s  in  tu rn  re s c u e d  th e  a z id e -b lo c k e d  v iru s .
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g . Taxonom ic c o n s id e ra tio n s  . In c o n c lu s io n , i t  m ight be 
p e r tin e n t to  p o in t out how  th e  re a c t iv a t io n  of h e a te d  v iru s  may be 
u s e d  a s  a taxonom ic  to o l .  All th e  work rev iew ed  in  th is  s e c tio n  su p ­
p o rts  th e  v ie w  th a t  a l l  p o x v iru se s  p a r tic ip a te  in  re a c tiv a tio n  and , 
on th is  c r i te r io n  and  on o th e rs  o u tlin e d  by Fenner and Burnet (1957), 
th e y  c a n  be  re g a rd ed  a s  m em bers of one la rg e  group of v i r u s e s .
The re a c t iv a t io n  c r i te r io n  co u ld  be  ex ten d ed  to  o th e r v iru s e s  d e s ­
c r ib e d  a s  p o x v iru se s  on m o rp h o lo g ica l g ro u n d s , e . g .  m onkey tum our 
p o x v iru s , m olluscum  co n tag io su m , and th e  v a rio u s  an im al and bird  
'p o x v iru s e s ' . R ecen tly  Snow den and  F rench  (1961) is o la te d  a v iru s  
from A u stra lian  c a t t le  su ffe rin g  from a p ap u la r s to m a ti t is .  It w as 
su b se q u e n tly  id e n tif ie d  u n e q u iv o ca lly  a s  a p o x v iru s , u s in g  th e  
re a c t iv a t io n  te ch n iq u e  on th e  c h o r io a lla n to ic  m em brane (F rench, 
p e rso n a l co m m u n ica tio n ). In our hands (W oodroofe and F enner,
1961) c o n v a le s c e n t  s e ra  from the in fe c te d  an im a ls  re a c te d  s tro n g ly  
w ith  e x tra c ts  of NP a n tig e n  p repared  from v a c c in ia  and myxoma 
v i r u s e s . This confirm ed  th e  p re se n c e  of th e  poxv irus group an tig en  
and  co m p le ted  th e  id e n tif ic a tio n  of th e  v iru s  a s  a mem ber of th e
p o x v iru s  g ro u p .
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II I . RECOMBINATION OF POXVIRUSES
The d em o n stra tio n  th a t  bo th  b a c te r ia  (rev iew s by H artm an 
and  G o o d g a l, 1959; R avin , 1960) and  b a c te r ia l  v iru s e s  (rev iew ed  by 
B re sc h , 1959 and  L e v in th a l,. 1959) co u ld  ex ch an g e  g e n e tic  m a te ria l 
h a s  s tim u la te d  s im ila r  work in  th e  fie ld  of an im al v iro lo g y .
T e c h n ic a l P re re q u is ite s  for G e n e tic  S tu d ies
An e ffe c tiv e  s tu d y  of g e n e tic  reco m b in a tio n  b e tw een  an im al 
v iru s e s  is  d e p en d e n t upon c e r ta in  im p o rtan t te c h n ic a l  d ev e lo p m en ts  
o u tlin e d  by Burnet (1960). F ir s t ly , i t  is  e s s e n t ia l  to  work w ith  pure 
c lo n e s  of v iru s .  This p re re q u is ite  is  re a d ily  fu lf il le d  w hen w orking 
w ith  v iru s e s  su ch  a s  p o x v iru se s  and  h e rp e s . T hese p roduce  d is c r e te ,  
fo c a l le s io n s  or pocks w hen in o c u la te d , a cco rd in g  to  th e  m ethod of 
Lush (1937), on to  th e  c h o r io a lla n to ic  m em brane of th e  dev e lo p in g  ch ick  
em bryo . S ince  a lin e a r  re la tio n s h ip  e x is ts  b e tw een  th e  d ilu tio n  of 
v iru s  in o c u la te d  and  th e  num ber of le s io n s  p roduced  (B everidge and 
B urnet, 1946), i t  i s  a r e la t iv e ly  s im p le  m atte r to  in o c u la te  a num ber 
of eg g s  w ith  a d ilu tio n  of v iru s  c a lc u la te d  to  y ie ld  one pock , and 
th e n  is o la te  pure c lo n e s  of v iru s  by su b in o c u la tio n  from th e  s in g le  
p o ck s th a t  d ev e lo p  (Fenner and C om ben, 1958). A le s s  e x ac tin g  
m ethod (F enner, 1959), u se d  w ith  m em branes th a t  co n ta in  s e v e ra l
3 9 .
p o c k s , is  to  c u t o u t a w e l l - is o la te d  one and g rind  i t  in  a sm all 
g la s s  g r in d e r . A lte rn a tiv e ly , th e  pock may be p rick ed  w ith  a s te r i le  
n e e d le  and  th e  c e l l s  d is lo d g e d  in to  a sm all am ount of d i lu e n t .  All 
te c h n iq u e s  y ie ld  pure c lo n e s  of v i r u s .
The is o la t io n  of in d iv id u a l p ocks h a s  i t s  c o u n te rp a rt in  the  
te c h n iq u e  of D u lb ecco  (1952) for p laq u e  p roduction  by an im al v iru se s  
on a m onolayer of c e l l s  in  t i s s u e  c u l tu re .  H ere su b in o c u la tio n  from 
a w e ll- is o la te d  p laq u e  p ro v id es  a so u rce  of pure c lo n e  v iru s , e s p e c ­
ia l ly  s in c e  D u lb ecco  and Vogt (1954) h av e  show n th a t  e a c h  p laque  is  
p roduced  by a s in g le  v iru s  p a r t ic le .  This m ethod h as  b een  u se d  
s u c c e s s fu l ly  for th e  is o la t io n  of pure c lo n e s  of v a c c in ia  (N oyes,
195 3), p o lio m y e litis  (D ulbecco  and Vogt, 1954), h e rp es  (K aplan,
1957) and m en ingopneum on itis  v iru s  (H ig ash i and Tam ura, 1960).
W ith  v iru s e s  su ch  a s  in f lu e n z a  and p s i t t a c o s i s ,  w hich 
produce n e ith e r  pocks nor p la q u e s , pure c lo n e s  of v iru s  a re  o b ta in ed  
by th e  more te d io u s  m ethod of t ra n s fe r  a t  lim it in fe c tin g  d ilu tio n  
(Burnet and  B ull, 1943). H ere , th ree  s u c c e s s iv e  is o la t io n s  from lim it 
d ilu tio n  v iru s  w ith  le s s  th a n  10% in fe c tiv ity  y ie ld s  a p o p u la tio n  w hich 
can  be re g a rd ed  a s  a pure c lo n e  of v iru s  (Burnet, 1957, 1959a).
S e c o n d ly , for e ffe c tiv e  work on v iru s  g e n e t ic s ,  s tra in s  of 
v iru s  m ust be  a v a ila b le  w hich  c o n s is te n t ly  d iffe r from e ac h  o th er in
s e v e ra l in d e p e n d e n t m arker c h a r a c te r i s t ic s .  D e fin itiv e  m arkers may
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d is t in g u is h  d if fe re n c e s  in  v ira l  m orphology, v iru le n c e , a n tig e n ic  
s t ru c tu re ,  p ro d u c tio n  of en zy m es and h aem ag g lu tin in , r e s is ta n c e  
to  h e a t  a n d /o r  v a rio u s  d rugs (B urnet, 1959b). If su ch  m arkers a re  
a p p lic a b le  to  la rg e  s c a le  sc ree n in g  t e s t s  i t  is  a d v a n ta g e o u s . W ell 
e s ta b l is h e d  m arkers e x is t  for s tra in s  of in flu en z a  v iru s  (Burnet and 
L ind , 1952), v a c c in ia ,  (F enner, 1958), h e rp es  (W ildy, 1955) and 
p s i t t a c o s i s  v iru s  (Gordon e t a l . 1957).
The l a s t  p re re q u is ite  for an a d eq u a te  s tu d y  of g e n e tic  recom ­
b in a tio n  dem ands a c e l l  sy stem  w hich  w ill su p p o rt th e  grow th of th e  
tw o p a re n ta l v iru s  s t r a in s .  The progeny v iru s  re su ltin g  from g e n e tic  
in te ra c t io n  sh o u ld  be  re c o v e ra b le  a s  pure c lo n e s  of v iru s  from the  
m ix ed ly  in fe c te d  c e l l s .  A n a ly sis  of th e  y ie ld  can  be a c c e le ra te d  if  
s e le c t iv e  m ethods are  a v a ila b le  to  d if fe re n tia te  any m inority  com pon­
e n ts  of th e  v ira l p o p u la tio n . This can  be  done by th e  u s e  of app rop ­
r ia te  a n t is e r a  (Burnet and L ind , 1951b), by p re fe re n tia l h e a tin g  to  
d e s tro y  a h e a t - s e n s i t iv e  com ponent (W oodroofe and F en n er, 1960), 
or by th e  in o c u la tio n  of a p a r tic u la r  h o s t  w h ich  is  s u s c e p tib le  to  the  
v iru s  in  q u e s tio n  (Burnet and  L ind, 1951a; Jo k lik , W oodroofe, H olm es 
and  F en n e r, 1960).
All th e  above req u irem en ts  w ere fu lf il le d  for b a c te r ia l  v iru s e s  
by 1946 w hen g e n e tic  reco m b in a tio n  b e tw een  d iffe re n t s tra in s  of T2 
phage  w as s im u lta n e o u s ly  an n o u n ced  by H ersh ey  and by D elb rück
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and  B a ile y . H ow ever, a s im ila r  ap p ro ach  to  an im al v iru s e s  cam e 
c o n s id e ra b ly  la te r  b u t, by 1958 , g e n e tic  reco m b in a tio n  had  been  
s u c c e s s f u l ly  d em o n stra ted  w ith  in f lu e n z a  v i ru s e s ,  p o x v iru se s , 
h e rp e s  and  p s i t t a c o s i s .  D e ta ils  of e a c h  an im al v iru s  sy stem  w ill 
b e  d is c u s s e d  in  th e  ap p ro p ria te  s e c t io n s  of th is  re v ie w .
M arker C h a r a c te r is t ic s  of V acc in ia  Virus
To prov ide  a b a s is  for g e n e tic  s tu d ie s  w ith  th e  m am m alian 
p o x v iru s e s , Fenner (1958) m ade a d e ta i le d  in v e s t ig a tio n  of th e  b io l­
o g ic a l c h a r a c te r is t ic s  of 24 d iffe ren t s tra in s  of v a c c in ia ,  cow pox 
and  ra b b itp o x  v i r u s e s .  He found th a t  re p ro d u c ib le  d iffe re n c e s  cou ld  
be  d e m o n s tra ted  in  r e s p e c t  to  s ix  d iffe ren t m arker c h a r a c te r i s t ic s .  
T h ese  in c lu d e d  d if fe re n c e s  in  th e  v ira l c o n te n t and  the  m orphology 
of th e  p ocks p roduced  on th e  c h o r io a lla n to ic  m em brane. Pock ty p es  
v a r ie d  from the  o p a q u e -w h ite  pock of th e  derm al v a c c in ia  th rough  th e  
t ra n s p a re n t  red  of ra b b itp o x  to  th e  in te n s e  h aem orrhag ic  le s io n s  of 
co w p o x . D iffe re n c es  in  h aem ag g lu tin in  p ro d uction  w ere m arked 
b e tw ee n  s tra in s  of ra b b itp o x  w hich  fa ile d  to  a g g lu tin a te  s u s c e p tib le  
fow l c e l l s  and  m ost of th e  v a c c in ia  s tra in s  w hich  p roduced  la rg e  
am oun ts  of h a e m a g g lu tin in . The cow pox s tra in s  w ere in te rm ed ia te  
in  h a em a g g lu tin in  y ie ld .  D iffe re n c es  a ls o  o ccu rred  in  h e a t s ta b i l i ty .  
M o st s tra in s  w ere c o n s is te n t ly  h e a t r e s i s t a n t ,  th e  t i t r e  dropping 
o n ly  te n  to  f if ty - fo ld  a f te r  h e a tin g  for 40 m in u tes  a t 5 5 ° .
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H ow ever, V a cc in ia -L e d e rle -7 N  proved e xce p tio n a lly  h e a t-s e n s itiv e  
and the t i t re  f e l l  100,000 fo ld  w ith  the same heat trea tm en t. D if fe r­
ences were dem onstrated in  v iru le n ce  on in tra -c e re b ra l in o cu la tio n  in
m ice and in tra -d e rm a l in o c u la tio n  in  ra b b its . In  m ice , fo llo w in g
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the in tra -c e re b ra l in o c u la tio n  o f 10 p fu , the m a jo rity  o f dermal 
v a c c in ia  and cow pox s tra ins  caused fe w  deaths, w h ile  ra b b itp o x  and 
ce rta in  n e u ro -va cc in ia  s tra ins  were h ig h ly  le th a l.  The sk in  les ions  
in  rabb its  re ce iv in g  com parable doses o f v iru s  va ried  from a sm a ll, 
ra ised  nodule c h a ra c te r is tic  of dermal v a c c in ia  to  the la rg e , indura ted  
les io n s  w ith  a haem orrhagic, n e c ro tic  centre  produced by rabb itp o x , 
cow pox and some s tra ins  o f n e u ro -v a c c in ia .
G enetic  S tudies w ith  V acc in ia  S trains
Several pa irs o f s tra ins  w ith  d if fe re n t characters cou ld  be 
se lected  from among the tw e n ty -fo u r tes ted  fo r the dem onstra tion of 
gene tic  recom bina tion  in  the poxgroup. From among these s tra ins  Fenner 
and Comben (1958) se lected  tw o fo r fu rthe r in v e s tig a tio n  — a dermal 
s tra in  o f v a c c in ia , V a cc in ia -L e d e rle -7 N  (7N) and the U trech t s tra in  
o f rabb itpox  (RP). These s tra ins  d if fe r  in  pock character (from 
the opaque-w h ite  o f 7N to  the transparen t red o f RP), in  haem agglu- 
t in in  p roduction (7N producing large amounts, RP none), in  heat 
s ta b i l i ty  (7N being m arked ly h e a t-s e n s it iv e  ; RP h e a t-re s is ta n t)
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and in  v iru le n c e  on in tr a -c e re b ra l  in o c u la tio n  in  m ice and  in tr a -  
derm al in o c u la tio n  in  ra b b its  (7N n o n -p a th o g e n ic  in  bo th  h o s ts ,
RP b e in g  fa ta l  for m ice and  producing  s p re a d in g , n e c ro tic  le s io n s  
in  ra b b it s k in ) .
Before ex p erim en ts  on g e n e tic  in te ra c t io n  w ere  u n d e rta k en , 
e x te n s iv e  ex p erim en ts  (F enner and C om ben , 1958) w ith  th ir ty - th re e  
c lo n e s  of 7N and n in e te e n  of ra b b itp o x  e s ta b l is h e d  th a t  th e  tw o s tra in s  
w ere hom ogeneous for a l l  f iv e  m arkers and  th a t  th e  m arkers w ere 
s ta b le  on p a s s a g e .
Four m ethods of a llow ing  g e n e tic  in te ra c t io n  to  occu r b e ­
tw een  RP and 7N w ere in v e s t ig a te d  — tw o in v o lv ed  m ixed in fe c tio n  of 
c e l l s  on th e  c h o r io a lla n to ic  m em brane and two th e  u s e  of HeLa c e l l s  
in  m ass  c u ltu re  or a s  s in g le  c e l l s  (Fenner and C om ben, 1958;
F en n e r, 1959). In th e  f i r s t ,  th e  c h o r io a lla n to ic  m em brane w as in fe c te d  
w ith  a m ix ture  co n ta in in g  la rg e  am ounts of th e  tw o v i r u s e s . The 
new ly  form ed v iru s  of th e  f i r s t  c y c le  y ie ld  w as o b ta in e d  by reap in g  
th e  c h o r io a lla n to ic  m em brane 12 hours l a te r .  The c h o r io a lla n to ic  
m em brane w as w a sh e d , ground  and t i t r a te d .  S ing le  pocks w ere 
s e le c te d  from m em branes w ith  on ly  one  pock p re s e n t and w ere te s te d  
for th e  v a rio u s  m arker c h a r a c te r i s t i c s .  After 12 hours of m ixed 
grow th  2 /8 1  reco m b in an ts  w ere i s o la te d .  R eaping th e  p ro ducts  of 
d o u b le  in fe c tio n  a t  24 h o u rs , w ith  more th an  one c y c le  of g row th ,
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y ie ld e d  4 /3 1  re c o m b in a n ts . In th e  se c o n d , th e  c h o r io a lla n to ic  
m em brane w as in o c u la te d  w ith  20-40  pfu of e ac h  s tra in  and 2 d a y s  
la te r  th e  e x a c t a re a s  of o v erlap p in g  po ck s of d iffe ren t ty p e  w ere 
e x c is e d  and th e ir  v iru s  c o n te n t a n a ly s e d . This m ethod w hile  
invo lv ing  an unknow n num ber of c y c le s  of m u ltip lic a tio n  y ie ld e d  
a h igh  proportion  ( 6 /2 1  ) of reco m b in an t c lo n e s .  In th e  th ird , 
la rg e  am ounts of bo th  v iru s e s  w ere in o c u la te d  on to  HeLa c e l l  m ono- 
la y e rs  , 8 hours w as a llo w ed  for ab so rp tio n  and th e  p ro d u c ts  of 
doub le  in fe c tio n  w ere h a rv e s te d  a t 18 hours and  y ie ld e d  5 /1 6  recom ­
b in a n t c lo n e s .  In th e  fo u rth , th e  v iru s  c o n te n t of 33 s in g le  HeLa 
c e l l s  m ixed ly  in fe c te d  w ith  a very  h igh  m u ltip lic ity  of the  two 
v i ru s e s ,  w as a n a ly se d  36 hours a f te r  in fe c tio n  w hen y ie ld s  per c e l l  
w ere m ax im al. A v a rie ty  of p h en o ty p es  w ere o b ta in e d . From one 
c e l l  in  w hich  th e  to ta l  y ie ld  of 132 c lo n e s  w as ex am in ed , 20 d iffe ren t 
reco m b in an t ty p e s  o c cu rred , to g e th e r w ith  bo th  p a re n ta l ty p e s .
T hese  ex p erim en ts  show ed u n eq u iv o ca lly  th a t ,  in  m ixed 
in fe c tio n s  w ith  p o x v iru se s , g e n e tic  reco m b in a tio n  o c c u rre d . From a ll 
four m ethods perm itting  g e n e tic  in te ra c t io n  b e tw een  7N and RP, the  
tw o p a re n ta l ty p e s  w ere reco v e red  w ith  g re a t re g u la r ity , to g e th e r  w ith  
a v a r ie ty  of reco m b in an t ty p e s .  Am ongst th e  la t te r  th e re  w as a p re­
dom inance  of w h ite , p o ck -p ro d u c in g  s tra in s  w hich  show ed  a v a r ie ty  of
co m b in a tio n s  of th e  o th er p a re n ta l c h a r a c te r s . R ecom binant s tra in s
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producing  red  p ocks w ere  in  a v a s t  m inority  (5 /474  ) and w ere 
only  is o la te d  from m ix e d ly - in fe c te d , s in g le  HeLa c e l l s .  H aem ag- 
g lu tin in  p ro d uction  and h e a t  r e s is ta n c e  ap p ea red  to  be a ll  or none 
c h a ra c te rs  and  no in te rm e d ia te s  w ere found am ongst th e  reco m b in ­
a n ts  . The re a c tio n  of th e  reco m b in an ts  in  m ice and ra b b its  re sem b led  
th o se  of th e  l e s s  v iru le n t p a ren t or w ere in te rm e d ia te . No c o rre la tio n  
w as e v id e n t b e tw ee n  c h an g e s  in  m ouse  and ra b b it v iru le n c e . Some 
in s ta b i l i ty  w as n o tic e d  on p a s s a g e  of som e of th e  reco m b in an t c lo n e s ,  
a few  show ing  v a r ia b il i ty  of one m arker su ch  a s  h aem ag g lu tin in  pro­
d u c tio n , h e a t r e s is ta n c e  or pock m orphology from the  o rig in a l s in g le  
pock i s o l a t e s .
R ecom bination  in  th e  poxv iru s group w as no t an  uncommon 
e v e n t a s  ju dged  by th e  reco v ery  of 12 3 /4 7 4  reco m b in an t c lo n e s  from 
th e  above  m ix e d -in fe c tio n  ex p erim en ts  w ith  7N and RP. L ik ew ise  th e  
find ing  is  in  ag reem en t w ith  Adams (1959) who s ta te s  " th e  o ccu rren ce  
of g e n e tic  reco m b in a tio n  im p lie s  th a t  th e  tw o in fe c tin g  s tra in s  a re  
s im ila r  enough  in  g e n e tic  c o n s ti tu tio n  th a t g e n e tic  d e te rm in an ts  may 
be ex ch an g ed  b e tw een  them " . F u rther ex p erim en ts  a ls o  b e a r  ou t th is  
s ta te m e n t and  are  co n ce rn ed  w ith  h y b rid iz a tio n  b e tw een  se v e ra l 
d iffe ren t p o x v iru se s  (W oodroofe and  F en n er, 1960).
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H y b rid iza tio n  b e tw ee n  D iffe ren t P o x v iru ses
As s ta te d  in  th e  p rev io u s  s e c tio n  of th is  re v ie w , in  the  
c o u rse  of c e r ta in  ex p erim en ts  on re a c t iv a t io n  of h e a t- in a c t iv a te d  
p o x v iru s e s , reco m b in an ts  w ere re c o v e re d  a s  w e ll a s  th e  p h en o ty p es  
of th e  re a c tiv a tin g  and  re a c t iv a te d  v i r u s e s .  H ow ever, i t  w as soon 
e v id e n t th a t w h ile  th e  re a c tiv a tio n  o f, s a y , h e a te d -rab b itp o x  w as 
a cc o m p lish e d  e q u a lly  w e ll by a l l  s tra in s  of th e  c lo s e ly  re la te d  
v a c c in ia -v a r io la  group or by m ore d is ta n t  u n re la te d  p o x v iru se s , 
i t  w as on ly  in  th e  f i r s t  in s ta n c e  w ith  th e  c lo s e ly  re la te d  s tra in s  th a t  
reco m b in an ts  w ere i s o la te d .  So i t  w as of in te r e s t  to  c la r ify  the  
c o n d itio n s  under w hich  v ia b le  hyb rid s  m ight a r is e  from in te ra c t io n  
b e tw een  d iffe re n t p o x v iru s e s .
R eac tiv a tio n  ex p erim en ts  b e tw een  h e a te d -ra b b itp o x  and  7N 
w h eth er c a rr ie d  out in  m ouse b ra in , on th e  c h o r io a lla n to ic  m em brane 
or in  HeLa c e l l s , y ie ld e d  a r ic h  crop  of re c o m b in a n ts . In the  c h a ra c ­
te rs  e x ch a n g e d , th e s e  reco m b in an ts  w ere co m parab le  to  th o se  re c o v e r­
ed from ex p erim en ts  w ith  a c tiv e  RP and 7N (F enner, 1959). H ow ever, 
w ith  one in a c tiv e  co m ponen t, red  p o ck -p ro d u c in g  reco m b in an t s tra in s  
w ere no lo n g er a ra r ity  and o ccu rred  w ith  h igh  freq u e n c y .
H y b rid iza tio n  (or g e n e tic  ex ch an g e  b e tw een  d iffe re n t s p e c ie s  
of p o x v iru ses) w as d e m o n stra ted  b e tw een  cow pox and ra b b itp o x  v iru s e s
in  re a c tiv a tio n  ex p erim en ts  on th e  c h o r io a lla n to ic  m em brane, and in
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m ouse b ra in  u sing  h e a te d - r a b b itp o x  and  a re a d ily  d is tin g u is h e d  
w hite  m utan t of co w p o x . The c h a ra c te rs  ex ch an g ed  in c lu d e d  h aem - 
a g g lu tin in  p ro d u c tio n , h e a t  r e s is ta n c e  and v iru le n c e  m a rk e rs .
W ith  g re a te r  d if f ic u lty  v ia b le  hy b rid s  w ere is o la te d  from 
m ix tu res of h e a te d - ra b b itp o x  or h e a te d -c o w p o x  and ec tro m e lia  
in o c u la te d  onto  the  c h o r io a lla n to ic  m em brane and in to  m ouse b ra in .
T hese  ex p erim en ts  e s ta b l is h e d  th e  fa c t  th a t  v ia b le  hyb rid s  can  be  
p roduced  from c e l l s  m ixed ly  in fe c te d  w ith  s e v e ra l  d iffe ren t m em bers 
of th e  v a c c in ia -v a r io la  g ro u p .
On th e  o th e r h a n d , myxoma and fibrom a v iru s e s  w ill r e a c t iv a te  
h e a t- in a c t iv a te d  v iru s e s  of the  v a c c in ia -v a r io la  g roup very  e f f ic ie n tly , 
bu t su ch  co m b in a tio n s  of p o x v iru se s  fa ile d  to  y ie ld  v ia b le  h y b r id s . 
H ow ever, m yxom a-fib rom a c r o s s e s  y ie ld  v ia b le  hyb rid s  if  fu ll w e ig h t 
c an  be p la ce d  on th e  u se  of th e  co m p lex  v iru le n c e  m ark er.
T hese ex p erim en ts  show ed  c o n c lu s iv e ly  th a t h y b rid iza tio n  
b e tw ee n  tw o v a r ie t ie s  of v a c c in ia  (RP and  7N) is  a common o c c u rre n c e , 
b e tw een  ra b b itp o x  or cow pox  and  e c tro m e lia  r a r e , and  b e tw ee n  v a c c in ia  
and myxoma e x ce e d in g ly  r a re ,  if  p o s s ib le .  They a ls o  s u b s ta n t ia te  
A d am 's  (1959) v iew  co n ce rn in g  a s im ila r  g e n e tic  c o n s ti tu tio n  a s  the  m ain
p re re q u is ite  for g e n e tic  reco m b in a tio n
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G e n e tic  S tu d ie s  w ith  the  W h ite  (u) M u tan ts  of R abbitpox
All the  p rev io u s  w ork h a s  d e m o n stra ted  c o n c lu s iv e ly  th a t  
re co m b in a tio n  can  ta k e  p la c e  b e tw ee n  p o x v iru se s  bu t th e  ap p ro ach  
to  th e  problem  a s  a g e n e tic  one w as pu re ly  q u a l i ta t iv e .  An e x a c t 
q u a n tita tiv e  ap p ro ach  to  th e  problem  of p o xv iru s g e n e tic s  may be 
p o s s ib le  u s in g  th e  w h ite  (u) m u tan ts  of ra b b itp o x  (F enner, 1958) 
or cow pox  (D ow nie and  H ad d o ck , 1952),w hich  produce c h a r a c te r is t ic  
w h ite  pocks on th e  c h o r io a lla n to ic  m em brane.
Such a p o s s ib i l i ty  fo llo w s th e  d em o n stra tio n  by G em m ell 
and C a irn s  (1959) and  G em m ell and  F enner (1960) th a t c e r ta in  com bin­
a tio n s  of u m u tan ts  of ra b b itp o x  reco m b in e  to  p roduce  w ild  ty p e  (u+ ) 
p ro g en y . T hese  r e s u l ts  w ere  a n a lo g o u s  to  th o se  o b ta in ed  w ith  
d ifferen t_ r m u tan ts  of c o lip h a g e  T2 (H ershey  and Rotm an, 1948) and 
s u g g e s te d  th a t ,  in  v a c c in ia ,  m u ta tio n s  to  w h ite  pock p ro d uction  m ight 
occu r a t  a num ber of d iffe re n t lo c i .
U sing  18 d iffe re n t RP u m u tan ts  p a irw ise  c ro s s e s  w ere s e t  up 
in  HeLa c e l l s  an d , a f te r  24 h o u rs , th e  y ie ld s  w ere exam ined  on th e  
c h o r io a lla n to ic  m em brane for th e  p re s e n c e  or a b se n c e  of w ild  ty p e  
re c o m b in a n ts , p roducing  u lc e ra te d  haem o rrh ag ic  u+ ty p e  p o c k s . On 
th e  b a s is  of th e  p re se n c e  or a b s e n c e  of u+ reco m b in an ts  in  th e  v a rio u s  
c r o s s e s ,  th e  18 u_ m u tan ts  w ere a rran g ed  in  a l in e a r , o rdered  m anner.
It w as e s ta b l is h e d  th a t  th e  pock  m orphology of ra b b itp o x  w as co n tro lle d
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by a num ber of d iffe ren t g e n e s  lo c a te d  a t  d iffe re n t s i te s  on th e  
genom e, and th a t th e  u m u tan ts  a ro se  fo llow ing  m u ta tio n  a t  th e s e  
lo c i .  By u sin g  B e n z e r 's  (1959) reco m b in a tio n  m a trix , th e  18 u 
m u tan ts  of ra b b itp o x  w ere a llo t te d  to  four g ro u p s . In th e  m atrix  
s e v e ra l  p a irs  of m u tan ts  w ere in d is t in g u is h a b le , bu t th e  b io lo g ic a l 
c h a r a c te r is t ic s  of th e  s tra in s  (Gem m ell and F en n er, 1960) re a d ily  
d if fe re n tia te d  them  even  if  reco m b in a tio n  fa ile d  to  do s o .  Thus a ll  
18 u m u tan ts  w ere d if fe re n t.
Such a sy stem  loo k ed  id e a l for th e  c a lc u la tio n  of reco m b in ­
a tio n  fre q u e n c ie s  bu t in h e re n t d if f ic u l t ie s  m ade th is  im p o s s ib le . 
G em m ell and C a irn s  (1959) re p o rte d  c o n s id e ra b le  egg to  egg v a ria tio n  
w hich  p rev en ted  th e  a c c u ra te  sco rin g  of th e  re la t iv e  num ber of u and 
p ocks from th e  v a rio u s  c r o s s e s .  L ikew ise  p laq u e  m orphology on 
ch ick  f ib ro b la s t m ono layers, w h ile  red u c in g  v a r ia b il i ty  in  th e  a c tu a l 
c o u n t, fa ile d  to  d is tin g u is h  b e tw een  m ost of th e  u m u tan ts  and  RPu+ . 
E v idence  of in tr a c e l lu la r  s e le c t io n  during  m ixed grow th of tw o u 
m u tan ts  w as a lso  a p p a ren t (Gem m ell and F en n er, 1960). This cou ld  
e ffe c t th e  y ie ld s  of u+ and u v iru s  and  p rov ided  a n o th e r d if f ic u lty .
G e n e tic  S tu d ies  w ith  th e  W hite  u^) M u tan ts  of C ow pox
F ailu re  to  c a lc u la te  reco m b in a tio n  fre q u e n c ie s  from th e  
ra b b itp o x  d a ta  led  to  th e  in v e s t ig a tio n  of th e  u. m u tan ts  of cow pox
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(F enner, W oodroofe and  G re en lan d , to  be  p u b lish e d ) . A g e n e tic  
a n a ly s is  of th is  sy stem  w as th o u g h t, a t f i r s t ,  to  be e n tire ly  com para­
b le  w ith  th a t  of ra b b itp o x  e x c e p t for c o n s id e ra b le  a d v an ta g e s  w hich 
w ould perm it q u a n tita tiv e  a s s e s s m e n t  of the  d a ta .  In  p re lim inary  
ex p erim en ts  F enner had  n o ted  e x c e lle n t  d if fe re n tia tio n  b e tw een  the  
p laq u e  ty p e  of u and  u+ m u tan ts  of cow pox on ch ick  f ib ro b la s t m ono- 
l a y e r s . This, a l l ie d  w ith  ve ry  d is t in c t iv e  pock m orphology of u. and  u+ 
pocks on th e  c h o r io a lla n to ic  m em brane , s u g g e s te d  an  o v e ra ll a d v an ­
ta g e  of th e  cow pox sy s tem  for th e  c a lc u la tio n  of reco m b in a tio n  fre ­
q u e n c ie s . But e x te n s iv e  p re lim inary  ex p erim en ts  (in HeLa c e l ls , on 
th e  c h o r io a lla n to ic  m em brane, in  m ouse b ra in  and in  exp erim en ts  
u s in g  re a c tiv a tio n  on the  c h o r io a lla n to ic  m em brane ) w ith  n ine  in d e p e n ­
d e n tly  is o la te d  u m u tan ts  of cow pox show ed  th a t,u n d e r  no c ircum ­
s ta n c e s ,  w ould the  v a rio u s  p a irw ise  c ro s s e s  p roduce w ild  ty p e  (u+ ) 
p ro g en y . U tiliz in g  th e  h y b rid iza tio n  te c h n iq u e  b e tw een  cow pox and 
ra b b itp o x  d e sc r ib e d  by W oodroofe and F enner (1960), G reen lan d  
(to be  p u b lish ed ) c a rr ie d  ou t p a irw ise  c ro s s e s  b e tw een  th e  cow pox u 
m u tan ts  and s e le c te d  u m u tan ts  of ra b b itp o x  w ith  p o s itiv e  r e s u l t s .
W ith  th is  ap p ro ach  she  h o p es  to  a n a ly s e  th e  d a ta  in  term s of th e  known 
lin k a g e  g ro u p s of ra b b itp o x . If s u c c e s s f u l ,  th is  sh o u ld  le a d  to w ard s
th e  d ev e lo p m en t of a more p re c is e  ap p ro ach  to  th e  g e n e tic s  of p o x v iru se s
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IV. RECOMBINATION IN OTHER GROUPS
" R ecom bination  w ill be  found w herever i t  i s  adequately- 
loo k ed  for in  th e  la rg e r  v iru s e s  ■ s ta te s  Burnet (1959a). This b e lie f  
h a s  b een  w e ll s u b s ta n tia te d  by th e  d em o n stra tio n  of g e n e tic  in te r ­
ch an g e  among p o x v iru s e s , and  b e tw een  d iffe re n t s tra in s  of in f lu e n z a  
v iru s , h e rp e s  and  p s i t t a c o s i s .  So fa r  i t  h a s  no t b een  e s ta b l is h e d  
th a t  tru e  reco m b in a tio n  can  o ccu r w ith  th e  sm a lle r  v iru s e s  su ch  a s  
th e  e n te ro v iru s e s . H ow ever, in te ra c t io n  a s  ev id en c e d  by p h eno typ ic  
m ixing h a s  b een  re p o rte d  f re q u e n tly .
1 . MYXOVIRUSES
In flu en za
Burnet and Lind in  1949 w ere th e  f i r s t  to  d em o n stra te  recom ­
b in a tio n  b e tw ee n  an im al v i r u s e s .  They u se d  tw o re la te d  ty p e  A 
in f lu e n z a  s t r a in s .  S in ce  th a t  tim e a c tiv e  re s e a rc h  g roups in  A u s tra lia , 
England and A m erica h av e  ad d ed  g re a tly  to  our know ledge of in flu en z a  
v iru s  g e n e t i c s ,  a s  e v id e n c e d  by th e  e x te n s iv e  l i te ra tu re  on th e  s u b je c t .  
In a re v ie w  su c h  a s  t h i s ,  h o w ev er, i t  i s  v ir tu a lly  im p o ss ib le  to  co v er 
a ll  fa c e ts  of su c h  a b road  s u b je c t ,  so  th is  d is c u s s io n  w ill be lim ited  
to  th e  m ajor a d v a n c e s  in  th e  f ie ld  of in f lu e n z a  g e n e tic s  a s  o u tlin ed  
in  r e c e n t  re v ie w s  by Burnet (1959a, 1959b, 1960), by H irs t ,  G o tlieb
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and G ranoff (1957) and by H irs t (1959).
R ecom bination  b e tw ee n  in f lu e n z a  s tra in s  w as in i t ia l ly  
o b serv ed  in  in te rfe re n c e  ex p erim en ts  (Burnet and L ind, 1951a) 
invo lv ing  m ixed in fe c tio n  of m ouse b ra in  w ith  re la te d  ty p e  A s t r a in s ,  
the n eu ro tro p ic  NWS and  n o n -n e u ro tro p ic  W SM . E x trac ts  of the  
m ouse b ra in s , h a rv e s te d  s e v e ra l  d ay s  la te r  y ie ld e d  v a r ia n t ty p e s  of 
v iru s , neuro-W SM  s t r a in s .  T hese  w ere s ta b le  on lim it d ilu tio n  
p a ssa g e  and th e  new  p roperty  of n eu ro p a th o g en ic ity  for m ice  w as 
p resum ably  d e riv ed  from NW S. T hese  fin d in g s  w ere an a lo g o u s  to  
th o se  of D elb rück  and B ailey  (1946) and  H ersh ey  (1946a, 1946b) w ith  
re la te d  s tra in s  of b a c te r io p h a g e , and th o se  of Tatum and Lederberg 
(1947) w ith  co liform  b a c te r ia .  They s tro n g ly  s u g g e s te d  th a t th e  n e u ro -  
WSM s tra in s  a ro se  th rough  g e n e tic  in te ra c t io n  of th e  tw o p a re n ta l 
s t r a in s .
This w as th e  s ta r tin g  p o in t for a l l  fu rth e r work on reco m b in a tio n  
in  in f lu e n z a  v i r u s e s ,  w h ich  w as s tu d ie d  c o n s is te n tly  in  B u rn e t 's  la b ­
ora to ry  a t  th e  W alte r and E liza  H a ll In s t i tu te  from 1949-1956.
S u b s ta n tia l su p p o rt for th e  reco m b in a tio n  th eo ry  cam e from s im ila r 
ex p erim en ts  (Burnet and  L ind , 1951b; Burnet and  E dney, 1951) un d er­
ta k e n  w ith  n eu ro tro p ic  NWS and MEL. L ater MEL w as re p la c e d  by 
tw o o th er s e ro lo g ic a lly  d i s t in c t ,  n o n -n e u ro tro p ic  A s tra in s  —
Sw ine 15 and an A prim e s tra in  from O cean  I s la n d . In a l l  c a s e s
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s ta b le ,  n e u ro tro p ic , v a r ia n t s tra in s  w ere is o la te d  w ith  th e  s e ro lo g ic a l 
c h a ra c te r  of th e  n o n -n e u ro tro p ic  p a re n t. H ow ever, th e s e  exp erim en ts  
w ere a l l  c a rr ie d  ou t in  m ouse b ra in , w hich  cou ld  c o n ce iv a b ly  s e le c t  
out n eu ro p a th o g en ic  m u ta n ts . To ex c lu d e  th is  p o s s ib i l i ty ,  th e  
sam e s t r a in s ,  NWS and MEL, w ere s e t  up in  a 11 n e u tra l ho st"  , e ith e r  
in  a l la n to ic  c e l l s  of in ta c t  em bryos or d e -em b ry o n a ted  e g g s . As 
p re v io u s ly , s im ila r neuro-M EL or N -M  s tra in s  w ere is o la te d  (F raser 
and B urnet, 1952). The re c ip ro c a l re c o m b in an t, a non-n e u ro tro p ic  
NWS, w as no t o b ta in e d  in  th e s e  ex p erim en ts  b u t la te r  F rase r (1955) 
is o la te d  i t  from th e  b ra in s  of d a y -o ld  m ice in fe c te d  w ith  m ix tu res of 
NWS and  MEL. All th e s e  f in d in g s  w ere co n v in c in g  proof of recom bin ­
a t io n .
All fu rth e r work in  B u rn e t 's  lab o ra to ry  on reco m b in a tio n  w ith  
in f lu e n z a  v iru s  w as c a rr ie d  ou t in  c h ic k  em b ry o s . U sing  th is  te ch n iq u e  
th e  NWS s tra in  proved u n s u ita b le  and  w as re p la c e d  by th e  em bryo 
p a th o g en ic  s tra in  , WSE. A g re a t am ount of work w as done w ith  th e  
re a d ily  d is tin g u is h e d  MEL and  WSE s t r a in s ,  and  e v e n tu a lly  th e  co n ­
c e p t of tw o lin k ag e  g roups in  th e  MEL/WSE sy stem  w as d ev e lo p ed  
(Burnet and L ind, 1952).
a .  In te rch an g e  of lin k a g e  g ro u p s . The reco m b in a tio n  
ex p erim en ts  b e tw een  MEL and  WSE re s u lte d  in  th e  h a rv e s t  of four 
d iffe ren t ty p e s  of v iru s  during  th e  f i r s t  c y c le  of m u ltip lic a tio n  in
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d o u b ly - in fe c te d , a lla n to ic  c e l l s .  Two ty p e s  w ere id e n tic a l  w ith  
p a re n ta l MEL and  WSE and  th e  o th er tw o w ere th e  re c ip ro c a l recom ­
b in a n ts , s u b se q u e n tly  c a l le d  M+ and W S -. Back reco m b in a tio n  
ex p erim en ts  u s in g  th e  s ta b le  M+ and W S- s tra in s  p roduced  v iru s  
w ith  th e  c h a r a c te r is t ic s  of th e  o rig in a l MEL and  WSE s tra in s  (Lind 
and  B urnet, 1953).
If th e  c h a r a c te r is t ic s  of MEL a re  re p re se n te d  by th e  sym bols 
ABCDEF and WSE by th e  sym bols a b c d e f , th e  c h a r a c te r is t ic s  of M+ 
can  be e x p re s s e d  a s  ABcDeF and W S- a s  abC dE f. The sym bols 
Aa re p re se n t d iffe re n c e s  in  se ro lo g y
Bb " 11 *' h e a t r e s is ta n c e  of h aem ag g lu tin in
C c " “ " in d ic a to r  s ta tu s  for ovom ucin
Dd
Ee M 
Ff n
and m econium
u in d ic a to r  s ta tu s  for sh ee p  m ucin 
M c h ick  em bryo p a th o g en ic ity  
11 m ouse  lung p a th o g en ic ity
E xam ination  of th e  reco m b in an ts  from bo th  th e  o rig in a l 
MEL/WSE ex p erim en t and th e  b ack  reco m b in a tio n  M + /W S - ex perim en t 
show ed  a c lo s e  a s s o c ia t io n  b e tw een  c e r ta in  g roups of c h a r a c te r s .  
This su g g e s tio n  of lin k a g e  g roups b e tw een  g e n e tic  d e te rm in an ts  is  
ex em p lified  if  th e  in te r a c t io n s ,  in  th e  tw o ex p erim en ts  a re  re p re s ­
en ted  a s  fo llo w s : -
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(1) MEL (ABDF-CE) + WSE (ab d f-ce ) - >  M+ (ABDF-ce) + W S -(ab d f-C E ).
(2) M+ (ABDF-ce) + W S - (abdf-C E) - >  MEL (ABDF-CE) + WSE (a b d f-c e ) .
T hese  ex p erim en ts  w ith  th e  MEL/WSE sy stem  le a v e  no 
doub t th a t  re c ip ro c a l ,  g e n e tic  in te ra c t io n  b e tw ee n  tw o in f lu e n z a  A 
s tra in s  c a n  o c c u r , and from them  ev o lv ed  th e  c o n c e p t of th e  in te rc h a n g e  
of lin k a g e  g ro u p s .
Further e v id en c e  for th e  in te rc h a n g e  of two lin k ed  g roups of 
c h a ra c te rs  is  o b ta in ed  if  th e  m a rk e r -c h a ra c te r is t ic  of m ouse neuro trop ism  
(g) i s  exam ined  (Lind and B urnet, 1954). H ere th e  c h a ra c te r  " g u is  
a s s o c ia te d  w ith  th e  " c e ” lin k a g e  group and no t w ith  “ abdf" . If 
neuro-M EL (ABDF-ceg) s tra in s  are  c ro s s e d  w ith  W S- (abdf-CEG) 
s t r a in s ,  a neuro-W SE s tra in  is  o b ta in e d . The ex ch an g e  of m arkers 
c an  be re p re se n te d  a s  fo llo w s : -
N euro-M EL (ABDF-ceg) + W S- (abdf-C EG ) —^ N.W SE (a b d f -c e g ) .
H ow ever, v a ria tio n  in  lin k a g e  re la t io n s h ip s  h a s  b een  
o b se rv ed  in  s tu d ie s  w ith  WSE and CAM (Burnet and  L ind, 1955).
H ere th e  c h a ra c te r  for lung p a th o g e n ic ity  (f) i s  a s s o c ia te d  w ith  th e  
" c e "  lin k ag e  group and  no t w ith  ” abd" a s  a b o v e , p rovid ing  th e  
ex cep tio n  to  th e  r u le .  This i s  s e e n  m ore c le a r ly  if  th e  in te ra c t io n  
b e tw een  th e  WSE and CAM s tra in s  is  s ta te d  a s  fo llo w s : -
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WSE (ab d -fce ) + CAM (ACD-FCE) - >  CAM + (Ac D -fce ) + W S- (ab d -F C E ).
Thus in  reco m b in a tio n  w ith  MEL, WSE b e h a v e s  a s  if  i t  co n ta in ed  tw o 
lin k a g e  g ro u p s (abdf and  c e ),  bu t in  reco m b in a tio n  w ith  CAM it  
b e h a v e s  a s  if  th e  lin k a g e  g ro u p s w ere " abd" and * fee"  . S tra in s  u se d  
by Baron and Jen se n  (1955) b e h av e d  s im ila r ly . This a p p ea rs  to  be  th e  
one e x c e p tio n  b e c a u s e  fu rth er ex p erim en ts  (Burnet and  L ind, 1956) 
b e tw ee n  WSE and  s e v e ra l o th e r ty p e  A s tra in s  y ie ld e d  reco m b in an ts  
s im ila r  to  th e  o rig in a l M+ ty p e  and p o s s e s s in g  th e  sam e lin k ag e  
r e l a t io n s h ip s .
In th e  in f lu e n z a  sy s tem  reco m b in a tio n  h a s  b een  d em o n stra ted  
w ith  a g re a t v a r ie ty  of in f lu e n z a  A s tra in s  and w ith  tw o ty p e  B s tra in s  
(Perry and  B urnet, 1953; Perry e t a l . 1954). As w ill be  se e n  la te r ,  
on ly  p h en o ty p ic  m ixing not tru e  reco m b in a tio n  is  d em o n strab le  b e tw een  
ty p e  A and  ty p e  B in flu en z a  s tra in s  (G otlieb  and  H irs t ,  1954).
b .  P heno typ ic  m ixing and  h e te ro z y g o s is . M any w orkers have  
o b se rv ed  e v id en c e  of p h en o ty p ic  m ixing and h e te ro z y g o s is  during 
reco m b in a tio n  ex p erim en ts  w ith  in f lu e n z a  s t r a in s .  In 1953 F rase r 
n o ted  th a t  th e  prim ary f lu id s  h a rv e s te d  from a lla n to ic  c e l l s  m ixedly  
in fe c te d  w ith  MEL and WSE c o n ta in e d  v iru s  n e u tra liz e d  by a n tis e ra  
a g a in s t  th e  tw o p a re n ta l s t r a i n s . He a ls o  o b se rv ed  th a t  only  f lu id s  
w hich  show ed  th is  doub le  n e u tra liz a tio n  y ie ld e d  re c o m b in a n ts .
5 7 .
S u b seq u en t work by Burnet and Lind (1955, 1956) e s ta b l is h e d  th is  
fa c t  u n e q u iv o c a lly .
A c le a re r  p ic tu re  of th e  above  phenom ena com es from th e  
work of H irs t and  h is  c o l la b o ra to r s . From m ixed in fe c tio n  ex p erim en ts  
w ith  MEL and W SN, H irs t (1953) and  H irs t and  G o tlieb  (1953a, 1953b) 
o b ta in e d  doubly  n e u tra liz a b le  v iru s  w hich  th ey  term ed  . On 
re p e a te d  p a s s a g e ,  v iru s  gave  r is e  to  X1 , MEL and W SN.
C o n tin u ed  p a s s a g e  of X^ v iru s  y ie ld e d  a s im ila r , u n s ta b le  form (X^) 
bu t la te r  a doubly  n e u tra liz a b le  v iru s  (X ) w as is o la te d  th a t b red  t ru e .
O
In in te rp re tin g  th e s e  r e s u l t s ,  H irs t and  h is  c o lle a g u e s  
(H irs t, 1953; G o tlieb  and H irs t, 1954; H irs t e t a l . 1957) co n c lu d ed  
th a t  th e  X^ and X^ v iru s  a ro se  a s  a  r e s u l t  of p h en o ty p ic  m ix in g . The 
phenom enon of p h en o ty p ic  m ixing w as o r ig in a lly  e n co u n te red  w ith  
b a c te r io p h a g e  and  h a s  b een  s tu d ie d  in  m uch d e ta i l  by S tre is in g e r  
(1956). I t  im p lie s  th a t  th e  su rfa ce  of doubly  n e u tra liz a b le  p a r tic le s  
i s  m ade up of a m o sa ic  of a n tig e n s  d e riv ed  from th e  tw o p a re n ta l 
s t r a in s .  On p a s s a g e  su ch  p a r t ic le s  are  u n s ta b le  and  g iv e  r i s e  to  
o ffsp ring  co rre sp o n d in g  to  one or o th e r of th e  p a re n ta l ty p e s .  The 
sam e group of w orkers o b se rv ed  p h en o ty p ic  m ixing fo llow ing  m ixed 
in fe c tio n  w ith  in f lu e n z a  A and B s tra in s  (G otlieb  and  H irs t ,  1954) 
and w ith  in f lu e n z a  A and N e w c a s tle  d is e a s e  v iru s  (G ranoff and 
H irs t ,  1954). The X v iru s  w as c o n s id e re d  to  be  a s ta b le  reco m -
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b in a n t of MEL and WSN (H irst e t  a l . 1957).
Another im p o rtan t po in t to  em erge from th e s e  s tu d ie s  
(G otlieb  and H irs t ,  1954) w as th a t  m ost v ia b le  p a r t ic le s  show ing 
p h en o ty p ic  m ixing w ere h e te ro z y g o te s  a n d , a s  e u c h , e a c h  s e g re g a te d  
to  g iv e  r i s e  to  tw o or more g e n e tic a l ly  d is t in c t  p a r t i c le s .  Further 
s tu d ie s  by H irs t and  G o tlie b  (1955) su g g e s te d  th a t  h e te ro zy g o te  
fo rm ation  w as a n e c e s s a ry  p re lim inary  to  th e  form ation  of reco m b in an ts  
in  th e  in f lu e n z a  s y s te m . In fa c t  th e y  w ere co n v in ced  th a t a l l  recom ­
b in a tio n  o ccu rred  v ia  a h e te ro zy g o u s  c o n d itio n . On th e  o th e r hand 
Lind and  Burnet (1957b), w h ile  acknow ledg ing  th e  o ccu rren ce  of 
h e te ro z y g o te s , fa ile d  to  e s ta b l is h  a c o n s is te n t  re la tio n s h ip  b e tw een  
h e te ro zy g o te  form ation  and  reco m b in a tio n  u s in g  th e ir  N-W SE/M EL 
s y s te m . They a ssu m ed  a fu n d am en ta l d iffe ren c e  b e tw een  th e  sy s te m s  
u se d  in  th e  tw o la b o ra to r ie s .  They n o ted  to o  th a t  h e te ro z y g o te s  w ere 
le s s  v ia b le  th an  h o m o zy g o te s , w hich  ra p id ly  re p la c e d  th em .
c .  R ed is tr ib u tio n  of v iru le n c e  . D e sp ite  i t s  com p lex ity  
v iru le n c e  h a s  b een  u se d  e x te n s iv e ly  a s  a m arker in  reco m b in a tio n  
s tu d ie s  w ith  in f lu e n z a  v i r u s e s .  M o st w orkers in  th e  f ie ld  h av e  u se d  
n eu ro tro p ic  s tra in s  of WS a n d , by c ro s s in g  them  w ith  o th e r non­
n eu ro tro p ic  s tra in s  h ave  tra n s fe rre d  n e u ro p a th o g e n ic ity . H ow ever, 
a l l  w orkers found g re a t v a r ia b il i ty  in  th e  le v e ls  of tra n s fe rre d  
v iru le n c e  am ongst th e  reco m b in an t c lo n e s .  T yp ical of a l l  th e s e
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e x p e rim en ts  show ing  th is  re d is tr ib u tio n  of v iru le n c e , w as th e  
find ing  of Burnet and Edney (1951) u s in g  th e  MEL/NWS sy s te m .
They found  th a t  th e  reco m b in an t c lo n e s  of neuro-M EL show ed a 
w ide  ran g e  of n e u ro p a th o g e n ic ity , from the  a b il i ty  to  a f fe c t  only 
su ck lin g  m ice  to  a lm o s t fu ll p a th o g e n ic ity  of th e  p a re n ta l NWS. 
S im ilar r e s u l t s  o ccu r w ith  th e  tra n s fe r  of m o u se-lu n g  v iru le n c e .
Perry e t a l . (1954) found a w ide  s c a t te r  of in te rm e d ia te  v iru len c e  
am o n g st th e  p rogeny of c r o s s e s  b e tw een  th e  m o u se -p a th o g e n ic , 
in f lu e n z a  B s t r a in ,  LEE and th e  n o n -p a th o g e n ic  MIL s t r a in .  S im ilar 
v a r ia tio n s  in  ch ick  em bryo p a th o g e n ic ity  h av e  b een  o b se rv ed  by 
Burnet and  Edney (1951).
d .  G e n e tic  in te rc h a n g e  w ith  one in a c t iv a te d  p a re n t . G e n e tic  
in te rc h a n g e  b e tw ee n  in f lu e n z a  v iru s e s  u s in g  one com ponent k il le d  by 
h e a t or U V -irrad ia tio n  and th e  seco n d  in  th e  form of a c tiv e  v iru s  h as  
b e en  m en tio n ed  in  an  e a r l ie r  s e c t io n  (C hap ter II) in  th e  d is c u s s io n  of 
c r o s s - r e a c t iv a t io n  or m arker r e s c u e  by re c o m b in a tio n . The u s e  of 
n o n -v ia b le  v iru s  a s  an  e f fe c t iv e  p a ren t h a s  b een  confirm ed  re p e a te d ly  
(Burnet and  L ind , 1954; Baron and  J e n se n , 1955; H irs t and  G o tlie b , 
1956). B urnet and  Lind (1954) w ere  ab le  to  sh o w , by u s in g  v a rio u s  
co m b in a tio n s  of h e a te d  and  a c tiv e  v i r u s , th a t  th e  co n trib u tio n  of the  
in a c t iv a te d  p a re n t w as in  th e  form of lin k ag e  g ro u p s . Virus id e n tic a l  
w ith  th e  h e a te d  com ponen t w as n ev er re c o v e re d . This d isc o u n te d
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re a c t iv a t io n  of th e  in a c t iv a te d  v iru s  a s  s u c h . The re s c u e  of 
v a rio u s  g ro u p s of m arkers from th e ir  ex p erim en ts  w ith  h e a te d  and 
a c tiv e  M + /W - and  MEL/WSE is  b e s t  s e e n  from th e  fo llow ing  
fo rm ulae  : -
H ea ted  MEL (ABDF-CE) + WSE (ab d f-ce ) M+ (ABDF-c e )
MEL (ABDF-CE) +  h e a te d  WSE (a b d f-ce) ->  W S- (abdf-CE)
H ea ted  M+ (ABDF-c e )  + W S- (abdf-C E) -»  MEL (ABDF-CE) +
WSE (ab d f-ce )
M+ (ABDF-ce) + h e a te d  W S- (a b d f-CE) -»  WSE (ab d f-ce)
T hese  r e s u l ts  w ould a ls o  confirm  th e ir  b e l ie f  th a t ,  w ith  
in f lu e n z a  v i r u s , th e  lin k a g e  group ra th e r  th an  th e  in d iv id u a l g e n e tic  
d e te rm in an t i s  th e  fu n d am en ta l re p lic a t in g  u n it of th e  v i r u s .
In m ore re c e n t  e x p e r im e n ts , Lind and B urnet (1957a) m ade a 
c lo s e r  a n a ly s is  of v iru s  h e a t- in a c t iv a te d  a t  d iffe ren t te m p e ra tu res  and 
o b ta in e d  th e  b e s t  y ie ld  of reco m b in an ts  by s lo w  th e rm a l d e g rad a tio n  
a t  37°C  for 20 d a y s .  N othing su g g e s te d  th a t  th e  ty p e  of reco m b in an t 
o b ta in e d  from n o n - v ia b le /v ia b ie  c ro s s e s  d iffe red  s ig n if ic a n tly  from th o se  
from norm al c r o s s e s ,  b u t th e  y ie ld  of reco m b in an ts  w as som etim es 
low er (Burnet and  L ind, 1954). On th e  o th e r h a n d , H irs t and  G o tlieb  
(1956) w ere more s u c c e s s fu l  in  o b ta in in g  M + v iru s  w ith  h igh  m ouse 
p a th o g en ic ity  from W + /M - c ro s s e s  w hen th e  M - com ponen t w as 
in a c t iv a te d  by U V -ligh t th an  w hen a c tiv e  v iru s  w as u s e d .  All w orkers
6 1 .
have  found th a t  th e  in a c tiv e  v ira l com ponent can  be added  to  
a l la n to ic  c e l l s  one or more d ay s  b e fo re  th e  ad d itio n  of a c tiv e  v i r u s , 
w ith o u t a ffe c tin g  th e  y ie ld  of re c o m b in a n ts . R ecen tly  K ilbourne 
and M urphy (1960) s u g g e s te d  th a t  g e n e tic  in te rc h a n g e  w ith  one 
in a c t iv a te d  p a rtn e r cou ld  be  pu t to  p ra c t ic a l  u s e  in  v a c c in e  p roduction  
to  y ie ld  w e ll- a d a p te d , reco m b in an t v iru s  of d e s ire d  a n tig e n ic ity  and 
good grow th p o te n tia l .  They recom m ended  u sin g  h e a t- in a c t iv a te d  
PR8 for th e  rap id  a d a p ta tio n  of re c e n tly  is o la te d ,  filam en to u s  s tra in s  
of A sian  in f lu e n z a . Such te c h n iq u e s  co u ld  prove u se fu l during e p i­
dem ics w ith  new  a n tig e n ic  ty p e s  of in f lu e n z a  v iru s .
As m en tioned  p re v io u s ly  (in C h ap te r  II) m u ltip lic ity  re a c t iv ­
a tio n  of U V -irrad ia ted  in f lu e n z a  v iru s  can  o ccu r (H enle and Liu, 1951; 
Barry, 1961) th is  be ing  an o th e r exam ple  of re a c tiv a tio n  by re c o m b in a tio n .
e .  L im ita tions of th e  in f lu e n z a  s y s te m . The d em o n stra tio n  
of reco m b in a tio n  w ith  in f lu e n z a  v iru s e s  e s ta b lis h e d  th e  phenom enon 
am o n g st an im al v i r u s e s .  The sy s tem  h a s  i t s  lim ita tio n s  a s  th e  te c h ­
n iq u e  of lim iting  d ilu tio n  for th e  p u rif ic a tio n  and is o la t io n  of c lo n e s  
of v iru s  i s  very  r e s t r ic t iv e ,  a s  i t  i s  bo th  cum bersom e and tim e -c o n su m ­
in g . Even w hen th e  te c h n iq u e  is  u se d  in  a r ig id  m anner s e v e ra l  v iru s  
ty p e s  may be found in  one c lo n e  (H irs t, 1959), and  i t  is  v ir tu a lly  
im p o ss ib le  to  d if fe re n tia te  b e tw ee n  fa u lty  p u rif ic a tio n  and seg re g a tio n  
of a re c o m b in an t. A nother d iff ic u lty  is  th e  fa c i l i ty  w ith  w hich  n a tu ra l
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v a r ia tio n s  and  m u ta tio n s  a r is e  w ith in  th e  in f lu e n z a  g ro u p . R esu lts  
in  q u a n tita tiv e  ex p erim en ts  c an  be  so  v a r ia b le  th a t the  d a ta  is  u s e ­
le s s  for th e  re c o g n itio n  of su ch  th in g s  a s  an  o rd e red , l in e a r  seq u e n c e  
of the  g e n e tic  d e te rm in an ts  of c e r ta in  c h a ra c te rs  (B urnet, 1960).
For the  d a ta  to  be u s a b le ,  ex p erim en ts  w ould be  n eed ed  of a m agnitude 
beyond th e  re s o u rc e s  of m ost la b o ra to r ie s .
D e sp ite  th e s e  d raw b ack s a num ber of im p o rtan t fa c ts  h as  
em erged  from th e  reco m b in a tio n  s tu d ie s  regard ing  the  g e n e tic  b eh av io u r 
of in flu en z a  v i r u s e s .  T hese  in c lu d e  th e  e x is te n c e  of h e te ro zy g o te s  
and phen o ty p ic  m ix in g , th e  in te rc h a n g e  of lin k ag e  g ro u p s , g e n e tic  
in te rc h a n g e  w ith  one in a c t iv a te d  p a re n t and th e  re d is tr ib u tio n  of 
v iru le n c e  am ongst reco m b in an t c lo n e s .
N e w c a s tle  D is e a s e  Virus
U n fo rtu n a te ly  m ost of th e  d a ta  on w hich  our know ledge of 
in f lu e n z a  v iru s  g e n e tic s  is  b a se d  is  q u a li ta t iv e  in  c h a ra c te r .  This 
s tim u la te d  G ranoff (1959a, 1959b, 1961a, 1961b) to  in v e s t ig a te  the  
problem  of reco m b in a tio n  b e tw een  s tra in s  of N e w c a s tle  D is e a s e  v iru s  
(NDV), an o th er m y x o v iru s . Hoping to  ap p ro ach  th e  problem  q u an ti -  
ta t iv e ly ,  he u sed  tw o s tra in s  of NDV, th e  B eau d e tte  and Ro s t r a in s ,  
w hich  d iffe red  from e a c h  o th er in  th re e  d is t in c t  c h a r a c te r is t ic s  — 
p laq u e  type  on ch ick  f ib ro b la s t m o n o la y e rs , h e a t s ta b i l i ty  of the
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h aem ag g lu tin in  and v iru s  p a r t ic le ,  and  th e  se ro ty p e  (G ranoff, 1959a). 
C h ick  f ib ro b la s t  m ono layers  w ere m ixed ly  in fe c te d  w ith  h igh  m u lti­
p l ic i t ie s  ( 7 -2 0  p fu /c e ll)  of th e  tw o m u ta n ts . The progeny w as 
h a rv e s te d  18-20  hours la te r ,  a f te r  m u ltip le  c y c le s  of in fe c tio n  w hen 
th e  y ie ld s  w ere m ax im a l. The m arker c h a r a c te r is t ic s  of 399 p laq u es  
w ere exam ined  b u t no reco m b in an ts  w ere fo u n d . S u b seq u en tly  the  
la c k  of reco m b in a tio n  w as v e rif ie d  by th e  p a irw ise  c ro s s in g  of e ig h t 
c lo s e ly - r e la te d ,  sm all p la q u e - ty p e  m u tan ts  of NDV, in d u ced  by t r e a t ­
m ent w ith  n itro u s  a c id .  T hese  c ro s s e s  y ie ld e d  no reco m b in an t, 
w ild - ty p e  p la q u es  in d ic a tin g  a freq u en cy  of re c o m b in a tio n , if  i t  d id  
o c c u r , of le s s  th a n  5 x 10  ^ (G ranoff, 1961a).
H ow ever 10% of th e  p la q u es  o b ta in e d  from m ixed in fe c tio n s  
w ith  d iffe ren t s t r a in s  of NDV show ed e v id en c e  of p h en o ty p ic  m ixing 
bo th  in  r e s p e c t  to  se ro ty p e  and therm al s ta b i l i ty  (G ranoff, 1959b). 
T hese m ixed p la q u es  w ere in i t ia te d  by h e te ro zy g o u s  p a r tic le s  w hich 
w ere p robab ly  d ip lo id . H ow ever th e  h e te ro zy g o te s  of NDV se g re g a te d  
in to  p a r t ic le s  in d is t in g u is h a b le  from p a re n ta l p a r t ic le s ,  in  c o n tra s t  
to  in f lu e n z a  h e te ro z y g o te s  w hich  prov ide th e  m ain so u rc e  of reco m b in ­
a n ts  (H irst and  G o tlie b , 1955). R ather s u rp r is in g ly , m ixed in fe c tio n s  
w ith  NDV a t low  m u ltip l ic i t ie s  (0 .1  or le s s )  y ie ld e d  5 -1 0  tim es  th e  
e x p ec te d  am ount of p h en o ty p ic  a lly  m ixed v i ru s .  This e x c e s s  v iru s  
w as show n by G ranoff (1961b) to  r e s u l t  from th e  a c tiv a tio n  of n o n p laque
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form ing p a r t ic le s  by p laq u e-fo rm in g  v iru s .
2 . HERPES SIMPLEX
W ildy (1955) e s ta b lis h e d  c o n c lu s iv e ly  th a t reco m b in a tio n  
c an  o ccu r w ith in  th e  H erpes g ro u p . From c h o r io a lla n to ic  m em branes 
he  is o la te d  th re e  s ta b le  reco m b in an t c lo n e s  from th e  progeny of 
m ixed in fe c tio n  w ith  tw o w e ll-d if fe re n tia te d  s tra in s  of H e rp e s , H .FEM  
and W C . The p a re n ta l s tra in s  w ere c le a r ly  d if fe re n tia te d  by s e v e ra l 
s ta b le  m arker c h a r a c te r i s t i c s .  T hese  in c lu d e d  d iffe re n c e s  in  th e  type  
of pock form ed on th e  c h o r io a lla n to ic  m em brane from th e  la rg e , opaque 
le s io n s  of H .FEM  to  th e  sm all le s io n s  of th e  WC s t r a in .  S tra in  d iffe r­
e n c e s  in  th e  ra te  of a tta ch m e n t onto  th e  c h o r io a lla n to ic  m em brane d i s ­
t in g u ish e d  th e  WC s tra in ,  w hich  a tta c h e d  s lo w ly , from H .F E M . M arked 
d if fe re n c e s  w ere e v id e n t in  th e  b eh av io u r of s tra in s  in o c u la te d  in t r a -  
c e re b ra lly  in to  m ic e , w here only  th e  H .FEM  s tra in s  c a u s e d  e n c e p h a lit is  
and d e a th .  On th e  co rn ea  of r a b b i ts ,  on ly  H .FEM  produced  a n o tic e a b le  
k e ra t i t is  in  2 -4  d a y s .
R ecom bination  ex p erim en ts  w ere c a rr ie d  ou t by m ixed ly  in fec tin g  
c h o r io a lla n to ic  m em brane w ith  la rg e  am ounts of th e  tw o v ira l s t r a in s .  
U n ab so rb ed  v iru s  w as n e u tra liz e d  w ith  H erpes a n tis e ru m . Virus from 
th e  f i r s t  c y c le  of in tr a c e l lu la r  grow th w as h a rv e s te d  a t 7 h o u rs . The 
in fe c te d  m em branes w ere g round up and t i t r a te d  on th e  c h o rio a lla n to ic
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m em brane and s in g le  c lo n e s  w ere p repared  by e x c is in g  w e ll- is o la te d  
pocks from m em branes show ing le s s  th an  5 p o c k s . Ten c lo n e s  w ere 
is o la te d  of w hich  s ix  w ere p a re n ta l ty p e s .  The o th er four p roduced 
pocks w hich  w ere c h a r a c te r is t ic  of one  or o th e r of th e  p a re n ta l ty p e s , 
bu t a l l  p o s s e s s e d  d e g re e s  of v iru le n c e  for m ice  and ra b b its  in te rm ed ­
ia te  b e tw een  th o se  of th e  p a re n ts  . D iffe re n c es  in  th e  ra te  of a t ta c h ­
m ent of v iru s  to  th e  c h o r io a lla n to ic  m em brane w ere le s s  c le a r  c u t .
On su b cu ltu re  th re e  of th e  reco m b in an t c lo n e s  w ere s ta b le  a fte r  3-5 
p a s s a g e s  a n d , s in c e  th ey  e x h ib ite d  m arked d iffe re n c e s  from e ith e r 
p a re n t, i t  w as co n c lu d ed  th e y  a ro se  by re c o m b in a tio n .
3 . PSITTACOSIS
A ccording to  B edson (1959) who h as  rev iew ed  th e  taxonom ic  
p o s itio n  of m em bers of th e  p s i t ta c o s is  g roup , th e s e  a g en ts  a re  in te r ­
m ed ia te  b e tw een  b a c te r ia  and  v iru s e s  p o s s e s s in g  p ro p e rtie s  of bo th  
g roups bu t re sem b lin g  b a c te r ia  more c lo s e ly  th an  v i r u s e s .  Their 
b a c te r ia l  a f f in it ie s  in c lu d e  th e  p re se n c e  of bo th  DNA and  RNA, 
enzym es and coen zy m es and b a c te r ia - l ik e  c e l l  w a l ls .  They m ultip ly  
by b in ary  f is s io n  and, lik e  b a c te r ia ,  a re  s e n s i t iv e  to  p e n ic i l l in ,  
su lp h o n am id es  ch lo ram p h en ico l and th e  te t r a c y c l in e s .  It is  m ain ly  
in  th e ir  o b lig a te  in tr a c e l lu la r  p a ra s itism  th a t  th e  P s i t ta c o s is  group 
re sem b le  v i r u s e s .  H ow ever, s in c e  reco m b in a tio n  b e tw een  d iffe ren t 
b a c te r ia l  s tra in s  (Luria and B urrous, 1957; Baron e t a l . 1959a, 1959b)
6 6 .
is  w e ll e s ta b lish e d  and th is  th e s is  has shown the phenomenon to  
be w idespread amongst v iru s e s , le t  us cons ide r the p o s s ib ili ty  o f 
ge ne tic  in te ra c tio n  between members of th is  in te rm ed ia te  group of 
o rgan ism s.
The ease w ith  w h ich  P s itta co s is  v irus  and other v iruses  in  
the same group developed re s is ta nce  to  ce rta in  chem otherapeutic 
agents (Gordon et a l . 1957), and the ex is tence  o f severa l s tab le  
drug re s is ta n t s tra ins  led  Gordon and h is  co lleagues (1957, 1960a, 
1960b) to  undertake gene tic  s tud ies  in  th is  group of o rgan ism s. 
P re lim inary experim ents (Gordon and M am ay, 1957) were ca rried  out 
w ith  tw o  s tra ins o f p s it ta c o s is  v iru s  , one re s is ta n t to sulphonam ide 
and the other to  C h lo rte tra cyc lin e . Each s tra in  was fu l ly  suscep tib le  
to  the other d rug . These tw o s tra ins  were grown in  the y o lk  sac of 
the ch ick  embryo in  the presence o f 1) su lphonam ide, 2) Chlor­
te tra c y c lin e , 3) sulphonam ide and C h lo rte tra cyc lin e  toge ther, 
and 4) w ith o u t the a d d itio n  o f d ru g . The expected embryo 
deaths occurred on the fou rth  day in  the f i r s t ,  second and la s t 
group, as in  each o f these groups a t le a s t one s tra in  o f p s it ta ­
co s is  cou ld  g row . The same m ixtu re  in  the presence o f both drugs 
showed no embryo deaths fo r the f i r s t  w eek. This was a n tic ipa ted  
as each v iru s  in  the m ixtu re  encountered a drug to  w h ich  i t
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w as s u s c e p t ib le .  H ow ever u n e x p ec te d  la te  em bryo d e a th s  
o ccu rred  a f te r  8 -1 0  d ay s  in  th is  g roup and  p s i t ta c o s is  s tra in s  w ere 
is o la te d  th a t p o s s e s s e d  r e s is ta n c e  to  bo th  d ru g s . This c h a ra c te r  of 
d u a l drug r e s is ta n c e  rem a in ed  s ta b le  for a t  le a s t  tw o lim it d ilu tio n  
p a s s a g e s .  S ince  th e  r e s is ta n c e  to  v a r io u s  d rugs is  u su a lly  acq u ired  
by g ra d u a l a d ap ta tio n  and n o t by sp o n tan e o u s  m u ta tio n , th e  a c q u is it io n  
of d u a l drug r e s is ta n c e  a f te r  s in g le  p a s s a g e  p o in ts  s tro n g ly  to  som e 
ty p e  of g e n e tic  in te ra c t io n .
M ore e x te n s iv e  ex p erim en ts  (Gordon e t a l . 1960a, 1960b) 
u s in g  m ix tu res of th e  sam e d ru g - r e s is ta n t  s tra in s  of p s i t ta c o s is  v iru s  
confirm ed  th e  e a r lie r  fin d in g s  of th e  em ergence  of s tra in s  w ith  dua l 
drug r e s i s t a n c e .  L ater s tu d ie s ,  h o w ev er, by G reen lan d  and M oulder 
(1961) fa ile d  to  d em o n stra te  re c o m b in a tio n . U sing four m em bers of 
th e  p s i t ta c o s is  group b earin g  doub le  d ru g - re s is ta n c e  m a rk e rs , th ey  
s e t  up e le v e n  d iffe ren t c ro s s e s  in  yo lk  s a c  and on th e  c h o r io a lla n to ic  
m em brane. Enrichm ent p a s s a g e  in  th e  p re se n c e  of s u ita b le  co m b in a­
tio n  of d rugs w as u se d  to  s e le c t  p o s s ib le  reco m b in an ts  and f i f ty -s e v e n  
c lo n e s  of v iru s  w ere is o la te d  by lim it d ilu tio n  p a s s a g e .  N one of 
th e s e  show ed  ev id en ce  of d u a l drug r e s i s t a n c e .  They su g g e s te d  th a t  
to p o g ra p h ic a l is o la t io n  of th e  in fe c tin g  p a r tic le s  w ith in  th e  c e l l
m ight p rec lu d e  g e n e tic  in te rc h a n g e .
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4 . ENTEROVIRUSES
Sprunt e t a l . (1955a, 1955b) in v e s t ig a te d  th e  problem  of 
w h e th er tru e  reco m b in a tio n  co u ld  o ccu r w ith  th e  sm a lle r  v iru s e s  by 
a n a ly s in g  th e  progeny from th e  m ixed grow th  of ty p e  I and  ty p e  II 
p o lio m y e litis  v iru s e s  in  m onkey k id n ey  c u l tu re s .  A la rg e  p roportion  
of th e  y ie ld  w as n e u tra liz e d  by bo th  ty p e  I and ty p e  II a n tis e ra  s u g g e s t­
ing th e  p re se n c e  of a " co m b in a tio n  form" of p o lio m y e litis  v iru s , s im ila r  
to  th e  p a r tic le s  of H irs t and G o tlieb  (1953a, 1953b). The new  form s 
w ere c a p a b le  of rep ro d u c in g  a s  su ch  bu t w ere no t s ta b le .
C onfirm ation  of p h en o ty p ic  m ixing w ith  type  I and type  II 
p o lio v iru se s  com es from the  work of Ledinko and H irs t (1961). They 
exam ined  th e  progeny from HeLa c e l l s  (in m ass  c u ltu re  and a s  s in g le  
c e l ls )  m ixed ly  in fe c te d  w ith  th e  tw o ty p e s  of p o lio v iru s , and freq u en tly  
found 100% p h en o ty p ic  m ix in g . O ften  th ey  found th e ir  m ixed ly  in fe c te d  
c e l l s  p roduced  2 -1 4  tim es  th e  e x p e c te d  am ount of doubly  n e u tra liz a b le  
v iru s .  They e x p la in ed  th is  on an a lo g y  w ith  NDV (G ranoff, 1961b) by 
assu m in g  th a t  p laq u e  form ing v iru s  may a c t iv a te  n o n -p la q u e  forming 
v i r u s .
The r e s u l ts  of m ixed in fe c tio n s  b e tw een  echo  and  p o lio v iru se s  
have  b een  re p o rted  by M eln ick  (1957) and by B enyesh  e t  a l . (1957).
They s im u lta n e o u s ly  in fe c te d  m onkey k id n ey  c e l l s  w ith  eq u a l am ounts
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of ty p e  I p o lio m y e litis  v iru s  and  ty p e  I e ch o v iru s  in  h igh  c o n c e n ­
tra t io n , and exam ined  th e  progeny a t lim itin g  d ilu tio n  24 hours la te r .
C lo n e s  of v iru s  p ick ed  from w e l l - is o la te d  p laq u es  show ed  th a t  1 /129  
w ere n e u tra liz e d  by a m ix ture  of bo th  p a re n ta l a n t is e r a .  Further in v e s t i ­
g a tio n  show ed  th is  c lo n e  c o n s is te d  of a m ix ture  of p a r t ic le s  of w hich  
5 2% w ere n e u tra liz e d  by p o lio m y e litis  ty p e  I a n tise ru m , and  48% by 
ech o  ty p e  I a n tis e ru m . This c lo n e  of doub ly  n e u tra liz a b le  p a r tic le s  
w as re p a s s a g e d  and  10 /171  p la q u es  te s te d  y ie ld e d  m ixed p rogeny .
At th e  th ird  p a s s a g e  " m ixed" p a r t ic le s  w ere s t i l l  p re s e n t.
Itoh  and  M eln ick  (1959) exam ined  th e  y ie ld  of s in g le  m onkey 
k id n ey  c e l l s  m ixed ly  in fe c te d  w ith  echo  7 and c o x sa c k ie  A9 v i r u s .
The a n tig e n ic  c h a ra c te r  of th e  v ira l progeny w as d e te rm in ed  by m eans 
of d if fe re n tia l p laq u e  c o u n ts  in  th e  p re se n c e  of th e  p a re n ta l a n t is e r a .
F if teen  per c e n t of th e  s in g le  c e l l s  c o n ta in e d  doubly  n e u tra liz a b le  
p a r t ic le s .  On p a s s a g e  th e  doubly n e u tra liz a b le  p a r tic le s  y ie ld e d  
progeny of bo th  p a re n ta l ty p e s  su g g e s tin g  p h en o ty p ic  m ixing of the  
tw o v iru s e s  b u t n o t s ta b le ,  g e n e tic  re c o m b in a tio n .
So fa r i t  h a s  no t b een  e s ta b l is h e d  th a t  tru e  reco m b in a tio n  can  
occu r w ith  th e  sm a lle r  v i r u s e s .  H ow ever, th e  a v a ila b le  e v id en c e  su g g e s ts  
th a t  p h en o ty p ic  m ixing can  o ccu r b e tw een  s tra in s  of p o lio v iru s , b e tw een  
ech o  and p o lio v iru se s  and  b e tw ee n  echo  and c o x sa c k ie  v i r u s e s .
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V. THE MECHANISM OF THE RECOMBINATION 
AND REACTIVATION PROCESSES
It w ill h av e  b een  ap p a ren t th ro ughou t th e  p reced in g  
d is c u s s io n  th a t, a p a r t from som e q u a lita tiv e  o b se rv a tio n s  w ith  
in f lu e n z a  v iru s , and th e  p re s e n t s tu d ie s  w ith  v a c c in ia  v iru s , v iru s  
g e n e tic s  i s  v ir tu a lly  b a c te r io p h a g e  g e n e t i c s .  This i s  e s p e c ia l ly  
tru e  for g e n e tic  in te r a c t io n s . Any a ttem p t to  u n d e rs tan d  th e  m ech­
an ism  of g e n e tic  in te ra c t io n  in  an im al v iru s e s  m ust th e re fo re  draw  
h e av ily  on th e  la rg e  co rp u s  of know ledge w hich  h a s  b een  b u ilt  up 
w ith  th e  b a c te r io p h a g e s  T 2 , T4 and lam b d a . Being d eo x y v iru s  w hich  
m u ltip lie s  in  th e  c e l l  c y to p la sm , a n a lo g ie s  may be  more re a so n a b ly  
draw n b e tw een  v a c c in ia  v iru s  and th e  T -ev en  p h ag es  th an  b e tw een  
th e  la t te r  and  in f lu e n z a  v iru s .  We m u st, n e v e r th e le s s ,  m a in ta in  som e 
re s e rv a tio n s  on th e  v a lid ity  of th e  a n a lo g ie s  we w ill d raw , for th e  
an im al c e l l  is  fu n c tio n a lly  and  m o rp h o lo g ica lly , v a s t ly  d iffe ren t from 
a b a c te riu m .
R ecom bination  in  B ac te rio p h ag e
G e n e tic  reco m b in a tio n  in  b a c te rio p h a g e  w as f i r s t  o b se rv ed  
by D elb rück  and B ailey  (1946) and by H ersh ey  and Rotman (1948) who 
show ed  th a t  c e l l s  s im u lta n eo u s ly  in fe c te d  w ith  tw o d iffe ren t m u tan ts
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of phage T2 and T4 y ie ld e d ,in  a d d itio n  to  th e  tw o in fe c tin g  types,, 
bo th  d o u b le  m utan t and  w ild  ty p e  progeny p h a g e s . S ince th en  
e x te n s iv e  s tu d ie s  h av e  b een  m ade and g e n e tic  reco m b in a tio n  h a s  
b een  found in  ev ery  phage exam ined  (Adams, 1959). P feifer (1961) 
ev en  o b ta in e d  e v id e n c e  of g e n e tic  reco m b in a tio n  w ith  phage x l7 4  
w hose  DNA is  s in g le - s t r a n d e d , n o t d o u b le -s tra n d e d  a s  in  a l l  o th e r 
p h a g e s . H undreds of m u tan t s tra in s  from p h ag es  Tl, T2,T4 and 
lam b d a  h av e  b een  is o la te d  and c ro s se d  an d , from th e  p roportion  of 
th e  p a re n ta l and reco m b in an t ty p e s  p re se n t in  the  y i e l d s , recom bin ­
a tio n  fre q u e n c ie s  h av e  b een  c a lc u la te d .  Thus th e  d eg ree  of lin k ag e  
b e tw een  d iffe ren t g e n e tic  lo c i c an  be d e term ined  for c e r ta in  p h ag es  
and can  be  e x p re s s e d  d ia g ra m m a tic a lly , on a s in g le , l in e a r  g e n e tic  
map (H ershey  and Rotman , 1949; D oerm ann and  H ill , 1953; B resch  
and M enningm ann , 1954; B enzer, 1955, 1957; and K a ise r, 1955).
The M echan ism  of G e n e tic  R ecom bination  in  Phage
The b a s ic  fa c ts  co n ce rn in g  th e  g e n e tic  a s p e c ts  of th e  recom ­
b in a tio n  p ro c e ss  in  phage have  b een  rev iew ed  by H ersh ey  (1953, 1957), 
D oerm ann (1953), D oerm ann, C h a se  and S tah l (1955), S ten t (1958) 
and L ev in th a l (1959). They may be  sum m arized  a s  fo llo w s . W hen 
tw o g e n e tic a lly  d is t in c t  p h ag es  a re  ad so rb ed  to  a s u s c e p tib le  b acte rium
th e  phage DNA b u t no t th e  p ro te in  is  in je c te d  in to  th e  c e l l .  Upon en te rin g
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th e  h o s t c e l l  th e  re p lic a t io n  of th e  genom e of e ac h  phage b e g in s .
Even though  th e  s i te s  of en try  of th e  DNA may be s itu a te d  a t o p p o s ite  
en d s  of th e  b a c te r ia l  c e l l  th e  tw o poo ls of re p lic a t in g  phage DNA soon 
c o a le s e  and becom e a s in g le  p o o l. Phage a t  th is  s ta g e  of i t s  d e v e lo p ­
m en ta l c y c le  is  c a lle d  v e g e ta tiv e  p h a g e , and  th is  c an  be reg a rd ed  a s  
a pool of m u ltip ly in g  and  in te ra c t in g ,n o n - in fe c t iv e  v ira l com ponents 
(D oerm ann, 195 3 ). During th is  period  of tho rough  m ixing of th e  DNA 
from bo th  p a re n ts , re co m b in a tio n  o c c u r s .  Phage DNA is  th en  w ith ­
draw n from th e  p o o l, c o n d e n s e s ,  and is  c o a te d  w ith  p ro te in  to  form 
m ature  phage p a r t ic le s .  M atu re  p a r t ic le s  n ev er r e -e n te r  th e  DNA 
p o o l, b u t a re  u ltim a te ly  l ib e ra te d  a s  in fe c tiv e  phage by ly s is  of th e  
h o s t c e l l .
a .  V isco n ti-D e lb ru ck  th e o ry . The above fa c ts  led  V iscon ti 
and D elb rück  (1953) to  fo rm u la te  a q u a n tita tiv e  th eo ry  of g e n e tic  recom ­
b in a tio n  in  T2 and T4 p h a g e s . A ccording to  th is  th eo ry  w hole v e g e ta tiv e  
phage p a r t ic le s  m ate  p a irw ise  and a t random  w ith  re s p e c t  to  pa rtn e r 
and  to  tim e in  a m ating p o o l. Soon a f te r  th e  o n s e t of m a tin g , p a r tic le s  
a re  w ithdraw n a t  random  and  e n te r  th e  m atu ra tio n  c y c le .  Thus r e p l ic a ­
tio n  a n d  re co m b in a tio n , w hich  in  phage a re  in d is tin g u is h a b le  e v e n ts , 
p reced e  th e  m atu ra tio n  of th e  p a r t ic le s .  V isco n ti and  D elbrück  in te r ­
p re ted  th e s e  fin d in g s  in  te rm s of the  g e n e tic s  of sm all p o p u la tio n s .
They d e riv ed  e q u a tio n s  to  d e s c r ib e  th e  r e s u l ts  of m ixed in fe c tio n
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ex p erim en ts  in v o lv in g  p a re n ta l phage d iffering  by two or th ree  
g e n e tic  fa c to rs  a n d , for phage T 2 , d e c id e d  th a t  e a c h  progeny p a r tic le  
re s u l te d  from an a v e rag e  of f iv e , p a irw is e , m ating e n co u n te rs  among 
th e  v e g e ta tiv E  phage  p a r t i c l e s .
The V isco n ti-D e lb ru ck  th eo ry  s a t is fa c to r i ly  e x p la in ed  the  
k in e tic s  of g e n e tic  reco m b in a tio n  in  phage b u t i t  s a id  no th ing  about 
th e  m echan ism  of re c o m b in a tio n . I t  fa ile d  a ls o  to  acco u n t for the  
o ccu rren ce  of h e te ro zy g o u s  phage p a r tic le s  in  b a c te r ia  m ixed ly  in fe c te d  
w ith  d iffe re n t p h a g e s . T hese h e te ro zy g o u s  or m ixed p a r tic le s  w ere 
f i r s t  o b se rv ed  by H ersh ey  and  C h a se  (1951) and w ere s tu d ie d  in  g re a te r  
d e ta i l  by L ev in th a l (1954). S ince  th e  h e te ro zy g o u s  p a r tic le s  s e g re ­
g a te d  to  p roduce  bo th  p a re n ta l ty p e s  and  reco m b in an ts  th ey  w ere u l t i ­
m ate ly  a c c e p te d  a s  th e  p re c u rso rs  of a l l  reco m b in an t phage p a r t ic le s .  
An a c c e p ta b le  th eo ry  of g e n e tic  reco m b in a tio n  in  phage m ust th e re fo re  
a c c o u n t for th e  p ro d u c tio n  of su ch  p a r t i c l e s .
b . P a r t ia l - r e p l ic a  or c o p y -c h o ic e  h y p o th e s is . The c o n ce p t 
of h e te ro z y g o s is  a s  th e  p robab le  m echan ism  of g e n e tic  reco m b in atio n  
in  phage led  to  th e  su g g e s tio n  of y e t an o th e r m odel of reco m b in a tio n  
in v o lv in g  th e  s y n th e s is  of new  g e n e tic  m a te ria l f i r s t  along one and 
th en  p a rtly  a long  th e  sec o n d  of tw o p a re n ta l te m p la te s .  Such a m odel 
m a in ta in s  bo th  th e  c h em ica l and  g e n e tic  in te g r ity  of th e  p a re n ta l 
s tru c tu re s  w h ile  s t i l l  g iv ing  r is e  to  re c o m b in a n ts . This p ro c e ss
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fav o u red  by th e  m ajo rity  of phage g e n e t ic is ts  beg inn ing  w ith  
L ev in th a l (1953, 1954), form s th e  b a s is  of th e  p a r t ia l - r e p l ic a  hypo­
th e s i s  (H ershey  1952) or th e  c o p y -c h o ic e  m echan ism  (L ederberg ,
1955) of re c o m b in a tio n .
The form ation  of reco m b in an ts  a s  p a r t ia l - r e p l ic a s  or by 
c o p y -c h o ic e  im m ed ia te ly  s u g g e s te d  to  L ev in tha l (1954) an an alo g y  
w ith  th e  s tru c tu re  of DNA a s  p ro p o sed  by W atso n  and C rick  (195 3).
In th e ir  m odel th e y  v is u a l iz e  DNA a s  a doub le  h e lix , in  the  w ords 
of C rick  (1957) 11 c o n s is tin g  of tw o p o ly n u c le o tid e  c h a in s  running 
in  o p p o s ite  d ire c tio n s  and tw in ed  around one a n o th e r . The tw o c h a in s  
a re  h e ld  to g e th e r  by hydrogen  bonds b e tw een  th e  b a se s , e ac h  b a se  
be ing  jo in e d  to  a com panion  b a se  on th e  o th er c h a in . The pairing  
of b a s e s  i s  s p e c i f ic ,  a d en in e  going w ith  th y m in e , and g u an in e  w ith  
c y to s in e "  . The se q u e n c e  of n u c le o tid e s  i s  re s p o n s ib le  for the  
g e n e tic  in fo rm atio n  c a r r ie d  by th e  s t ru c tu re . T hese  m ain fe a tu re s  
of DNA a re  su p p o rted  by p h y s ic a l and c h e m ic a l s tu d ie s  (rev iew ed  
by Jo rdan , 1960). R ecen t X -ray  a n a ly s e s  by H am ilton  e t a l . (1959) 
and  L angridge e t  a l . (1960) h av e  confirm ed  th e  v a lid ity  of th is  s tru c ­
tu re  in  DNA d e riv ed  from a v a rie ty  of d iffe ren t s o u rc e s , in c lu d in g  
b a c te r io p h a g e . W atso n  and C rick  a ls o  su g g e s te d  th a t  in re p lic a t in g  
th e  com plem en tary  c h a in s  of th e  DNA m o lecu le  s e p a ra te  a t  one 
end and e a c h  c h a in  th e n  s e rv e s  a s  a te m p la te  for th e  o rderly  a sse m b ly
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o f new  com ponent m o le cu le s  to  g iv e  a new  c h a in .  As the assem b ly  
co n tin u e s , fu rth e r  se p a ra tio n  o f the p a re n ta l c h a in s  occu rs  u n t i l  
the  w h o le  p a tte rn  has been d u p lic a te d  a long  the  f u l l  le n g th  o f each 
p a re n ta l c h a in .
c .  N u c le ic  a c id  as th e  p rim ary  g e n e tic  m a te r ia l. By th is  
tim e  i t  was w e ll e s ta b lis h e d  th a t the  p rim ary  g e n e tic  m a te r ia l in  
a l l  l iv in g  sys tem s was n u c le ic  a c id .  In  b a c te r ia  and phage DNA 
was a cce p te d  as the  c a rr ie r  o f g e n e tic  in fo rm a tio n . Th is  fo llo w e d  
the c la s s ic a l s tu d ie s  o f Avery and h is  c o lle a g u e s  (1944) show ing  th a t 
DNA c o u ld  tra n s fe r  g e n e tic  in fo rm a tio n  from  one b ac te riu m  to  ano the r, 
and th o se  o f H e rshey  and C hase (1952) d e m on s tra ting  th a t phage DNA 
and p ro te in  w ere sepa ra b le  a t the  tim e  o f in fe c t io n ,  the  DNA a c tin g  
as the  c a r r ie r  o f the  g e n e tic  in fo rm a tio n  fo r  r e p lic a t io n .  In  a l l  
know n p la n t v iru s e s ,  m ost o f th e  s m a lle r an im a l v iru s e s  and in  a fe w  
s m a ll b a c te r ia l v iru s e s ,  the  g e n e tic  m a te ria l is  RNA (Lederbe rg , 1959; 
G ie re r, 1960; Loeb and Z in d e r, 1961). W ith  the  e lu c id a t io n  o f the  
s tru c tu re  o f the  DN A m o le cu le  by W atson  and C r ic k  (1953) and th e ir  
su g g e s tio n s  fo r  i t s  d u p lic a t io n ,  h ig h  hopes w ere h e ld  fo r  the  e s ta b ­
lis h m e n t o f a m o le c u la r  b a s is  fo r re p lic a t io n  and g e n e tic  re c o m b in a tio n .
d .  The m echan ism  o f DNA r e p l ic a t io n . M any th e o rie s  
(D e lb rü ck  and S te n t, 1957; S te n t, 1958; L e v in th a l,  1959; Penrose,
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1960) w ere  advanced  su g g e s tin g  m o d if ic a tio n s  or a lte rn a tiv e  
m echan ism s fo r  the  d u p lic a t io n  o f DNA c o n s is te n t w ith  the  e x p e r i­
m en ta l f in d in g s ,  b u t so fa r  none has re p la c e d  the  s e lf-c o m p le m e n ta ry  
m echan ism  o f d u p lic a t io n  o r ig in a l ly  proposed by W a tson  and C r ic k  
(1953). Th is  schem e is  the  accep ted  one a t the  p resen t t im e .
E x te n s iv e  and in g e n io u s  is o to p ic  s tu d ie s  were a ls o  d e v is e d  
(L e v in th a l,  1956; D e lb rü c k  and S te n t, 1957; L e v in th a l and Thom as, 
1957) u s in g  la b e lle d  DNA to  check  the  hypo the ses  w h ic h  deve loped  
from  the  m o le c u la r  le v e l,  by  fo llo w in g  the  d is tr ib u t io n  o f p a re n ta l 
DNA among the  progeny p a r t ic le s .  P robab ly  the  m ost d e f in it iv e  o f 
th e se  is o to p ic  e xpe rim e n ts  were the  re c e n t ones o f M e s e ls o n  and 
W e ig le  (1961) and th o se  o f K e lle n b e rg e r, Z ic h ic h i and W e ig le  (1961). 
These la t te r  expe rim e n ts  w ith  phage u t i l iz e d  the  te ch n iq u e  o f d e n s ity  
g ra d ie n t c e n tr ifu g a t io n ,  used so s u c c e s s fu lly  to  fo l lo w  the  re p lic a t io n  
o f DNA in  b a c te r ia  (M e s e ls o n  and S ta h l, 1958).
e .  Is o to p ic  s tu d ie s  w ith  D N A . S ince i t  is  w e ll-e s ta b lis h e d  
th a t the  g e n e tic  m a te r ia l o f phage is  DNA and i t  is  u s u a lly  assum ed th a t 
the  g e n e tic  in fo rm a tio n  re s id e s  in  the lin e a r  sequence o f n u c le o tid e s  
w h ic h  com prise  the  DNA m o le c u le , M e s e ls o n  and W e ig le  (1961) argued 
th a t g e n e tic  re c o m b in a tio n  in  phage co rre spond s  to  the  p ro d u c tio n  o f 
a n u c le o tid e  sequence d e riv e d  p a r t ly  from  one p a re n ta l l in e  and p a r t ly
from  a n o th e r. They v is u a liz e d  th is  o c c u rr in g  in  e ith e r  o f tw o  w ays : -
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1) by c o p y -c h o ic e  (d e sc rib ed  ea rlie r)  in  w hich  th e  reco m b in a tio n  
se q u e n c e  is  s y n th e s iz e d  de novo by copying  f i r s t  one p a re n ta l 
se q u e n c e  and  th e n  a n o th e r , or 2) by b re a k ag e  in  w hich  the  recom ­
b in a tio n  se q u e n c e  is  form ed by a s s o c ia t io n  of DNA fragm ents from 
d iffe ren t p a re n ta l l in e s .  U nder th e s e  c o n d itio n s , reco m b in an t phage 
p roduced  by c o p y -c h o ic e  w ould be  free  of p a re n ta l DNA, w h ereas  
b reak ag e  co u ld  r e s u l t  in  th e  a p p e a ra n c e  of po rtio n s  of p a re n ta l 
DNA in  th e  reco m b in an t p h a g e .
To find  ou t w h e th er th e re  w as p a re n ta l DNA in th e  reco m b in an t 
p h a g e s , ex p e rim en ts  w ere c a rr ie d  out w ith  phage lam b d a . One u n la b ­
e lle d  lam bda s tra in  w as c ro s s e d  w ith  a n o th e r , h e av ily  la b e lle d  w ith  
13 15th e  is o to p e s  C and N . D e n s ity  g ra d ie n t c e n tr ifu g a tio n  w as 
u se d  to  d e te rm in e  th e  d is tr ib u tio n  of la b e l le d  p a re n ta l DNA am ongst 
p a re n ta l and reco m b in an t ty p e s  in  th e  p ro g en y . The r e s u l ts  u n eq u i­
v o c a lly  d e m o n stra ted  th e  p re se n c e  of d is c r e te  am ounts of the  o rig in a l 
p a re n ta l DNA in  th e  reco m b in an t p h a g e . They a ls o  im p lied  th a t th e  
e n tire  DNA com plem ent of phage lam bda w as a s in g le , c o n se rv a tiv e ly  
re p lic a t in g  s tru c tu re  w hich  co u ld  be  re g a rd ed  a s  i t s  ch rom osom e. The 
s tru c tu re  and  m ode of re p lic a t io n  of lam bda DNA w as in  acco rd  w ith  
th e  schem e p ro p o sed  by W atso n  and  C rick  (1953).
The p re se n c e  of p a re n ta l DNA in  th e  reco m b in an t phage 
s u g g e s te d  to  M e se lso n  and W eig le  (1961) th a t reco m b in a tio n  occu rred
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by b re a k ag e  of p a re n ta l chrom osom es fo llow ed  by reu n io n  of frag ­
m en ts  to  form g e n e tic a l ly  co m p le te  ch ro m o so m es. From th e  s tu d y  
of th e  d is tr ib u tio n  of p a re n ta l DNA am o n g st the  re c o m b in an ts , 
s e v e ra l  a d d itio n a l c o n c lu s io n s  em erged  reg ard in g  th e  reco m b in a tio n  
p ro c e s s .  T hese  e s ta b l is h e d  th a t re co m b in a tio n  by chrom osom e 
b reak ag e  o ccu rs  w ith o u t se p a ra tio n  of th e  tw o su b u n its  of th e  
p a re n ta l ch rom osom e. For reco m b in a tio n  by b re a k a g e , th e  
chrom osom e d o es  no t n eed  to  re p l ic a te  in  order to  reco m b in e .
K e llen b e rg e r, Z ich ich i and  W eig le  (1961) w ere ab le  to  dem on­
s tra te  th e  p h y s ic a l ex ch an g e  of DNA in  g e n e tic  c ro s s e s  b e tw een
c lo s e ly - r e la te d ,  m utan t s tra in s  of phage lam bda of vary ing  d e n s i t ie s
32by la b e llin g  th e  DNA of one p a ren t w ith  P and m easu ring  th e  d is t r ib ­
u tio n  of th e  is o to p e  among th e  p ro g en y . On c en tr ifu g a tio n  of th e  
y ie ld  from su ch  a c ro s s  in  a d e n s ity  g ra d ie n t four b an d s a p p ea re d ,
tw o co rre sp o n d in g  to  th e  p a re n ta l d e n s i t i te s  and tw o new  ones c o n -
32ta in in g  on ly  re c o m b in a n ts . The p re se n c e  of th e  P la b e l in  recom ­
b in an t phage  d iffe re n t in  d e n s ity  from th e  la b e lle d  p a ren t show ed 
c o n c lu s iv e ly  th a t  reco m b in a tio n  in v o lv e s  a p h y s ic a l ex ch an g e  of 
DNA, and th a t th e  reco m b in an ts  w ere form ed by b reak s  of the  two 
p a re n ta l m a te r ia ls .  The r e s u l ts  a ls o  in d ic a te d  th a t  breakdow n and 
r e -u t i l iz a t io n  of p a re n ta l- in fe c t in g  DNA w ere p robab ly  n e g lig ib le .
T hese  re c e n t fin d in g s  by M e se lso n  and h is  c o lle a g u e s
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s tro n g ly  sugg es t th a t chrom osom e breakage is  the  m echan ism  o f 
re co m b in a tio n  in  phage , thus  p re se n tin g  a more o p t im is t ic  v ie w  on 
the  s ta tu s  o f the  p rob lem  than  th a t h e ld  by H e rshey  (1958). The 
b roken  fragm en ts  can  be re c o n s tru c te d  in to  com p le te  chrom osom es 
by  the  jo in in g  up o f a p p ro p ria te  fragm en ts  (break and jo in )  or by 
co p y in g  m is s in g  re g io n s  from  o th e r chrom osom es (break and c o p y ). 
T he ir e xpe rim e n ts  do no t d is t in g u is h  be tw een  these  a lte rn a tiv e s  
and th e re fo re  do n o t c o m p le te ly  ru le  ou t some c o p y -c h o ic e  re co m b in ­
a tio n  .
S p e cu la tio n s  on the  M ech a n ism  o f R ecom b ina tion  in  P o xv iruses
W ith  th is  backg round  o f in fo rm a tio n  on g row th  and recom ­
b in a t io n  in  phage we w i l l  a tte m p t to  fo rm u la te , by  a n a lo g y , a 
schem e o f re p lic a t io n  fo r  v a c c in ia  v i r u s . We are encouraged in  th is  
by  the  fa c ts  th a t i t  is  a " d e o x y v iru s "  (C ooper, 1961) and i t s  g e n e tic  
d e te rm inan ts  can be a rranged in  a l in e a r ,  ordered sequence (G em m ell 
and C a irn s  , 1959).
F o llo w in g  the  a b s o rp tio n  and p e n e tra tio n  o f v a c c in ia  v iru s  
in to  s u s c e p tib le  c e l l s , the re  is  a m arked f a l l  in  in fe c t iv i t y  o f the  
absorbed v iru s  and a true  e c lip s e  phase ensues (E a s te rb ro o k , 1961a), 
du rin g  w h ic h  the DN A becom es s u s c e p tib le  to  DNAse (J o k lik  and 
R o d e rick , 1959; C a irn s ,  1960). This s tage  c o u ld  be regarded  as
8 0 .
e q u iv a le n t  to  th e  v e g e ta t iv e  p h a se  during phage  rep ro d u c tio n . 
C o n co m itan t  w ith  th e s e  c h a n g e s  au to rad io g rap h ic  s tu d ie s  and 
f lu o re s c e n c e  m ic roscopy  of v a c c in ia - in f e c te d  c e l l s  ( C a i r n s , 1960) 
have  show n th a t  in d iv id u a l  v i ra l  p a r t ic le s  e s t a b l i s h  d i s c r e te  
f a c to r ie s  of v i ra l  g ro w th . These  may m erge la te  in the  growth 
c y c le  to  form la rg e  re p l ic a t in g  p o o ls .  At th is  s ta g e  th e re  is  a 
thorough  mixing of the  DNA from s e v e ra l  in fec t in g  p a r t i c l e s , and 
we c an  p o s tu la te  th a t  the  DNA h e l ic e s  in te r a c t  by break ing  and 
re jo in in g ,  so th a t  th e re  is  opportun ity  for an ex ch an g e  of g e n e t ic  
m a te r ia l  and the  form ation of r e c o m b in a n t s .
C a irn s  (1960) h a s  shown th a t ,w h en  c e l l s  are  in fe c te d  by 
d i s p e r s e d  s in g le  v iru s  p a r t i c l e s ,  i t  i s  only  la te  in  m u lt ip l ica t io n  
when th e re  h a s  a lre a d y  b een  much DNA s y n th e s is  th a t  the  s e p a ra te  
a re a s  of DNA s y n th e s i s  c o a l e s c e .  Topography may be a much more 
im portan t fa c to r  in reco m b in a t io n  in  v a c c in ia  th an  i t  is  in  phage 
(Bresch 1959), s in c e  the  an im al c e l l  is  so  much la rge r than  a 
b a c te r ia l  c e l l .  W ith  phage  T 2 , K ellenberger e t  a l . (1959) have  shown 
th a t  th e  c e n t r e s  of DNA s y n th e s is  only  fu se  a t  about the  tim e m atur­
a t io n  b e g i n s .
As the  DNA s y n th e s i s  is  p roceed ing  a p ro te in  pool d e v e lo p s . 
P ro tein  m em branes d e v e lo p  in  the  re p l ic a t in g  pool and  ap p ea r  to 
e n c lo s e  fragm ents  of the  v irop lasm  from the  po o l,  p resum ably  in c lu -
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ding bo th  p ro te in  and DNA co m p o n en ts . This s ta g e  can  be  
re c o g n iz e d  in  e le c tro n  m icrog raphs by th e  o ccu rren ce  of la rg e  
" d ev e lo p m en ta l"  form s lim ited  by a doub le  m em brane and co n ta in in g  
re la t iv e ly  u n d iffe re n tia te d  " v irop lasm " (O zaki and H ig a sh i, 1959; 
D a le s  and S im in o v itch , 1961). M atu ra tio n  a p p ea rs  to  c o n s is t  of th e  
" c o n d e n sa tio n "  of th e s e  d ev e lo p m en ta l form s w ith  th e  p roduction  of 
th e  c o m p lic a te d  s tru c tu re  of m em brane and n u c leo id  w hich c h a ra c te r ­
iz e s  th e  m ature p a r tic le  (E p ste in , 1958; P e te rs , 1960).
S p e c u la tio n s  on th e  M echan ism  of th e  R eac tiv a tio n  of H ea t-K illed  
P o x v iru ses
Although s e v e ra l  d iffe ren t ty p e s  of re a c tiv a tio n  su ch  as  
m a rk e r- re s c u e , m u ltip lic ity  re a c tiv a tio n  and re a c tiv a tio n  of h e a t- k i l le d  
and a z id e - in h ib ite d  v iru s  c an  o ccu r w ith  p o x v iru se s  (see  C h ap te r I I ) , 
th ey  a l l  u t i l iz e  one of tw o b a s ic a l ly  d iffe ren t m e ch a n ism s . All m ust 
occu r by the  in te ra c t io n  of tw o or m ore v ira l p a r tic le s  w ith in  an 
in fe c te d  c e l l  b u t, in  m a rk e r- re s c u e , m u ltip lic ity  and a z id e  re a c tiv a tio n , 
th e  re a c tiv a tio n  p ro c e ss  is  g e n e tic  in  o rig in  and th e re  is  d ire c t  re p a ir  
of th e  le th a l  dam age by re c o m b in a tio n . In c o n tra s t  th e  re a c tiv a tio n  
of h e a t- in a c t iv a te d  v iru s  is  e ffe c te d  by a n o n -g e n e tic  m echanism  and 
th e  dam age s u s ta in e d  is  re v e rse d  by th e  in te rv e n tio n  of som e b io lo g ic a l
co m p o n en t, p robab ly  p ro te in .
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S in ce  th e  m ain p art of th e  ex p erim en ta l work in  th is  
th e s i s  h a s  b een  d ire c tly  co n ce rn ed  w ith  b io lo g ic a l a s p e c ts  of the 
re a c tiv a tio n  of h e a t- in a c t iv a te d  p o x v iru se s  only  th e  m echanism  
of th is  ty p e  of re a c tiv a tio n  p ro c e ss  w ill be c o n s id e re d  h e re .
The ex p erim en ts  in  w hich  h e a te d -ra b b itp o x  v iru s  w as 
re a c t iv a te d  by o th e r a c tiv e  p o x v iru se s  w ith  th e  reco v ery  of c lo n e s  
of v iru s  in d is t in g u is h a b le  from th e  h e a te d -c o m p o n e n t, su g g e s te d  
th a t  th is  tre a tm e n t (60° for 12 m inu tes) had o b v io u sly  no t d e s tro y ed  
the  v ira l g e n e tic  m a te ria l bu t had  probab ly  d en a tu red  a more h e a t -  
s e n s i t iv e  p ro te in  com ponen t re s p o n s ib le  for th e  in fe c tiv ity  of the  
v iru s .  A ctive v iru s  co u ld  re v e rse  th is  dam age by su p p ly ing  th e  
m iss in g  p ro te in  com p o n en t, no t d ire c t ly , bu t by in it ia tin g  poxvirus 
m u ltip lic a tio n  w ith in  th e  m ix e d ly -in fe c te d  c e l l .  This w as fo llow ed  
by re p lic a t io n  of th e  fu n c tio n a lly - in ta c t  DNA p re se n t in  the  h e a te d -  
v iru s .  The sam e re v e r s a l  of th e  dam age w as a cc o m p lish e d  by 
p o x v iru se s  ren d e red  in a c t iv e  by tre a tm e n t w ith  n itro g en -m u sta rd  in  
w hich  th e  DNA of th e  v iru s  w as d e s tro y e d  p re fe re n tia lly , leav in g  
som e p ro te in . Thus th e  p ro te in  com ponent w as s p e c if ic a l ly  im p li­
c a te d  in  c a u s in g  th e  r e v e r s a l ,  and th e  m echan ism  of th e  re a c tiv a tio n  
p ro c e ss  w as e s ta b l is h e d  a s  n o n -g e n e tic  (Joklik , Abel and H olm es, 
1960).
The m ost re c e n t  ex p erim en ts  of W oodroofe and Fenner (1961)
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su g g e s t th a t  the  p ro te in  a s s o c ia te d  w ith  th e  DNA in  th e  " n u c leo id "  
of th e  v iru s , w hich is  common to  a l l  m em bers of th e  poxv irus g ro u p , 
may b e  th e  o p e ra tiv e  p ro te in  in  th is  re a c tiv a tio n  p ro c e s s . The 
ex p e rim en ta l f in d in g s  th a t m em bers of th e  poxv irus group w hich 
p o s s e s s  th is  common com ponen t a re  th e  only  v iru s e s  c a p a b le  of 
re a c tiv a tin g  h e a te d -p o x v iru s e s , w h ile  so  m any o th e r v iru s e s  are  
in c a p a b le  of p a rtic ip a tin g  in  th e  e v e n t, su p p o rt th is  c o n c e p t.
A s tu d y  of th e  tim e re la t io n s h ip s  of th e  re a c tiv a tio n  p ro c e ss  
(Jok lik , W oodroofe , H olm es and F en n e r, 1960; W oodroofe and F enner, 
1960) w ere c a rr ie d  ou t in  m ouse b ra in  and in  HeLa c e l l s  u sing  h e a te d -  
ra b b itp o x  and e ith e r  7N or E ctrom elia  dohi a s  th e  re a c tiv a tin g  a g e n t. 
T hese  in d ic a te d  th a t  c e l l s  n eed  n o t be ex p o sed  to  th e  tw o re a g e n ts  
s im u lta n eo u s ly  for re a c tiv a tio n  to  ta k e  p la c e . S im u ltaneous in o c ­
u la tio n  of th e  tw o com ponen ts  undou b ted ly  re s u lte d  in  more e ff ic ie n t 
r e a c t iv a t io n , b u t h e a te d -ra b b itp o x  in o c u la te d  even  th re e  d ays befo re  
and up to  24 hours a f te r  th e  a c tiv e  a g e n t w as s t i l l  r e a c t iv a b le .  
H an afu sa  e t a l . (1959c) a ls o  no ted  th a t th e  h e a te d  com ponent in o c ­
u la te d  24 hours b e fo re  th e  a c tiv e  v iru s  w as no t d eg rad ed  by the  c e l l  
bu t w as s u b se q u e n tly  r e a c t iv a te d .  In c o n tra s t  to  th e  re la t iv e  
in tr a c e l lu la r  s ta b i l i ty  of h e a te d -v ir u s ,  H olm es (1961) o b se rv ed  th a t ,  
once  m u s ta rd - tre a te d  ra b b itp o x  w as a b so rb ed  to  c e l l s ,  i ts  c a p a c ity  
to  re a c t iv a te  h e a te d -v iru s  w as very  tr a n s ie n t  and on ly  la s te d  a few
hour s .
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H an afu sa  e t a l . (1960) in v e s t ig a te d  th e  tim e of a p p ea ra n ce  
of r e a c t iv a te d  v iru s  in  c e l l s  su p e r in fe c te d  w ith  a c tiv e  ec tro m elia  
and h e a t - k i l le d  v a c c in ia  v i r u s . W hen a c tiv e  ec tro m e lia  and 
h e a te d  v a c c in ia  w ere s im u lta n e o u s ly  in o c u la te d  in to  L c e l l s ,  
r e a c t iv a te d  v iru s  a p p ea re d  12 hours a f te r  in o c u la tio n , w h ereas  on 
th e ir  ow n, v a c c in ia  and  ec tro m e lia  v iru s  m u ltip lied  lo g a rith m ica lly  
a f te r  a la te n t  p e riod  of 4 -6  h o u rs . The re a c tiv a te d  v iru s  m u ltip lied  
ra p id ly  a f te r  12 hours a s  if a l l  th e  h e a te d  v iru s  had  b een  re a c tiv a te d  
s im u lta n e o u s ly . P re in fec tio n  w ith  e c tro m e lia  4 hours prior to  th e  
in o c u la tio n  of h e a te d -v a c c in ia  p roduced  the  sam e p ic tu re  — th e  
sy n ch ro n o u s a p p e a ra n c e  of re a c t iv a te d  v iru s  12 hours a f te r  in o c u la tio n  
w ith  in a c t iv a te d  v i ru s .  H ow ever, w hen a c tiv e  v iru s  w as added  
4 hours or m ore a f te r  the  in o c u la tio n  of h e a te d -v iru s , re a c tiv a te d  
v a c c in ia  ap p ea re d  8 hours a f te r  in fe c tio n  w ith  th e  a c tiv e  v iru s  and 
in c re a s e d  a sy n c h ro m o u s ly , a s  d id  the  t i tre  of e c tro m e lia . H an afu sa  
e t a l . th e re fo re  s u g g e s te d  th a t  th e  phenom enon of re a c tiv a tio n  co u ld  
be a n a ly se d  in  tw o p a rts  — 1), th e  d ev e lo p m en t of c o n d itio n s  in  
th e  in a c t iv a te d  v a c c in ia  in  w hich re a c tiv a tio n  can  occur, and 2) 
m atu ra tio n  of th e  a c tiv e  ec tro m e lia  v iru s .  To them  i t  seem ed  lik e ly  
th a t th e  a p p e a ra n c e  of re a c t iv a te d  v a c c in ia  c o in c id e s  w ith  th e  
m atu ra tio n  of e c tro m e lia  v iru s , even  w hen the  ch an g e  of th e  in a c tiv a te d
v iru s  in to  a form w hich  can  be re a c t iv a te d  h as  b een  a c c o m p lish e d .
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From C a irn s ' (1960) s tu d ie s  on th e  in i t ia t io n  of v a c c in ia  
in fe c tio n  one co u ld  im ag ine  th a t th e  ro le  of th e  p ro te in  com ponent 
(su p p lied  e ith e r  by a c tiv e  or m u s ta rd - in a c t iv a te d  v iru s) in accom ­
p lish in g  m u ltip lic a tio n  of h e a t- k i l le d  v iru s  may be  to  in i t ia te  or 
tr ig g e r  som e p re lim inary  re a c tio n  to  v iru s  s y n th e s is ,  so  th a t DNA 
re p lic a t io n  can  b e g in . This id e a  w ould f i t  w e ll w ith  H a n a fu s a 's  
o b se rv a tio n  th a t  th e  a p p e a ra n c e  of re a c t iv a te d  p a r tic le s  a lw ay s  
c o in c id e s  w ith  th e  m a tu ra tio n  of th e  a c tiv e  v i r u s . W ith  su ch  a 
s e q u e n c e  of ev en ts , and  th e  in te rm in g lin g  of th e  poo ls of DNA, i t  is  
very  e a s y  to  v is u a l iz e  how  reco m b in an ts  c an  ap p ea r a t th e  sam e tim e 
a s  re a c t iv a te d  p a r t ic le s  (W oodroofe and F en n er, 1960).
In order to  b u ild  up a th eo ry  of v a c c in ia  re p lic a t io n  and to  
e x p la in  th e  m echan ism  of th e  v a rio u s  re a c tiv a tio n  p ro c e s s e s ,  th is  
s e c t io n  of th e  d is c u s s io n  h a s  borrow ed h e av ily  from th e  ex p erim en ta l 
f in d in g s  w ith  p h a g e . T h is , s u re ly , i s  le g itim a te  s in c e  i t  is  w e ll-  
e s ta b l is h e d  th a t bo th  v a c c in ia  and  phage c o n ta in  DNA, bo th  g roups 
of v iru s e s  in c lu d e  s tra in s  w ith  w e ll-d e f in e d  g e n e tic  m arkers w hich 
a re  c a p a b le  of m ixed ly  in fe c tin g  c e l l s  w ith  th e  p roduction  of recom ­
b in a n t s , and  in  bo th  sy s te m s  th e  is o la t io n  of pure c lo n e s  p ro v ides 
a firm  b a s is  for g e n e tic  s tu d ie s .  The g re a t volum e of work w hich  h as  
a p p ea re d  on phage h a s  b e en  in v a lu a b le  to  our u n d e rs tan d in g  of the
fu n d am en ta l i s s u e s  of rec o m b in a tio n , th e  p ro c e ss  of DNA d u p lic a tio n
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and v i r u s - h o s t - c e l l  r e l a t i o n s h i p s . M any a n a lo g ie s  have  a lread y  
b e en  draw n b e tw een  th e  phage and an im al v iru s  s y s te m s ,  and the re  
i s  no doub t th a t  th ey  have  c la r i f ie d  our th ink ing  on many im portan t 
i s s u e s .
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